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ABSTRACT 
The purpose of the present work is to extend the range of 
catalytic reactions which have been studied over rutile and in so 
doing gain a deeper insight into the nature of the catalytic 
properties of i-utile. To this end three areas of chemical interest 
have been investigated, using the same preparation of catalyst 
throughout: reactions of alkynes and d.ienes; reactions of alcohols; 
and reactions of alkanes. 
Loss of material to the surface of the catalyst was found 
to be an important process in the reactions of alkynes and dienes 
on rutile and was a precursor to the, subsequent self-hydrogenation 
reactions of these molecules. Self-hydrogenation occurred even in 
the presence of gaseous hydrogen or. deuterium which were not 
incorporated into the hydrogenation products in significant amounts.. 
The effect of small molecules preadsorbed on to the surface was 
investigated and from these studies it is proposed that material 
loss involves acidic sites on the rutile surface while transfer of 
hydrogen to other diene or alkyne molecules occurs at different 
sites from material loss, possibly at surface oxide ions. The 
exchange reactions of these molecules were also investigated and 
reaction mechanisms are proposed which involve Ti-O acid-base 
surface pairs. 
The main reaction of alcohols over rutile is dehydration 
to alkene. Consideration of the alkene products and their 
distributions together with an analysis of the results in terms 
of free-energy relationships showed that the reaction mechanism 
was concerted and involved Ti-C surface pairs. The breakage 
of C-OH bond progressed initially more rapidly than the breakage of 
the C-H bond producing a parti.l positive charge on the reaction 
intermediate. Reaction mechanisms are also proposed for .the 
formation of ether from alcohols and for the coupling reactions 
of ethanol and propan-l-ol to C and C6 alkenes respectively. 
The reactivity of a series of alkanes showed that rutile 
behaved in 'a similar manner to that of a metal catalyst in 
promoting homolytic fission of C-H bonds. The reactions of 
alkanes which were Dbserved in a single experiment were: 
exchange of alkane; dehydrogenation of alkane to alkene; 
exchange of alkene; and rehydrogenation of alkene to highly 
deuterated alkanes. A reaction scheme is. proposed for these 
processes. 
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CHAPTER 1 
A Literature Survey 'of 'Surface 'and 'Catalytic 
'Studies 'on'Rutjle 
1.1 	' Crystal Structure 
Titanium dioxide exists in three crystalline forms - 
rutile, anatase and brookite1 . Rutile is the high temperature 
form of titanium dioxide and other forms are converted to rutile 
when heated to temperatures between 973 K and 1193 K. 
In the pure state rutile has a tetragonal structure 
similar 'to that of cassiterite, Sn0 2 . The unit cell lattice 
constants have been quoted  as a=0.4594 nm and c=0.2959 nm at 
298 K. The unit cell, which contains two Ti0 2 units, is shown 
in Fig. 1.1 and the bond types of the unit cell are numbered and 
listed in Table 1.1. For comparison,the mineral anatase is isomeric 
but not isomorphous with rutile. Anatase 3 is tetragonal with an 
elongated unit cell: a0.3785 ma, c=0.951 1 ma. The unit 'cell 
contains four Ti02 units and is shown in Fig. 1.2. 
In both forms a titanium ion is octahedrally co-
ordinated to its oxygen neighbours but the octahedron is not 
regular. The crystal - structure is usually described in terms of 
an ionic model based on the ions Ti and 0 2- although some authors 
consider that rutile may be regarded as intermediate between ionic 
and molecular in type. Hannay and Sniyth 5 have derived a formula 
which enables the extent of ionic character of a bond to be 
estimated from the electronegativities of the bonded atoms. 
-2 - 
This approach yielded a value of 143% ionic character for the Ti-0 
bond in rutile which was approximately the same as the values 
for HF and KI. However Boehm6 calculated 63% ionic character 
using Pauling' s electronegativities. 
On the massive scale rutile is known to crystallise 
such that the majority (98%) of the external crystal surface is 
composed of three planes, the (110), the (101) and the (ioo). 
About-60% of the surface is in the form of the (110) plane and the 
remainder of the surface is composed of the (101) and the (ioo) planes 
in approximately equal amounts. Jones and Hockey 8 have developed a 
model for the surface structure of hydroxylated rutile based on these 
three cleavage planes and their diagrammatic illustrations of the 
planes are shown in Fig. 1.3. The (110) cleavage plane, Fig. 1.3a, 
has two surface titanium sites, A and B, which fall into two rows. 
Row A Ti ions are situated in a square pyramid of oxygen ions with 
the base of the pyramid in the plane of the surface. Row B Ti ions 
are octahedrally coordinated to oxygen ions - two of these supra-
facial and two subfacial to the crystal plane. The authors quote 
the dimensions of the plane as A-AB-B=0.296 nm and A-B0.36 run. 
There are equal numbers ofA and B ions giving 10.2 Ti ions per 
2 nm - In both 'the (101)and (100) planes Ti ions are coplanar and 
five coordinate with respect to lattice oxide ions. The Ti ions 
are located within a square pyramid of oxygen ions with the pyramids 
orientated at different angles to the surface for each plane. There 
2; are 7.9 and 7.14  Ti ions per nm in the (101) and (100) planes 
respectively. 
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J.2 	:AROrptjon Studies 	Ritile 
1.2.1 	Adsorption of Water 
9 	 10,11 Jones and Hockey 81 , Parfitt and co-workers 	and 
Primet and co-workers 12  have all attempted to correlate the infra-
red absorption bands in the spectrum of the rutile surface with the 
surface hydroxyl groups of rutile. Their various conclusions are 
given in Table 1.2. 
Primet et al12 adopted the (110) plane as a model for 
the surface and assumed that all surface hydroxyl groups would be 
attached, to this cleavage plane. The authors proposed that only 
one type of hydroxyl group, a terminal species which could be 
isolated or have near neighbours, was present on the surface and 
that two types of site were generated when dehydroxylation occurred, 
Fig. 1.4. Site (1) was produced by condensation of two adjacent' 
hydroxyl groups and could readsorb water; site (2) was produced 
irreversibly by condensation of isolated hydroxyl groups. These 
proposals agree with the authors study of the exchange of surface 
hydroxyl groups with deuterium oxide where they found that'all the 
hydroxyl groups exchanged at the same rate, indicating that 'only 
one type of group was present. The proposals also explain their 
observation that the extent of dissociative' adsorption was decreased 
by repeated dehydroxylation-rehydroxylation cycles as repeated 
dehydroxylation would increase the number of irreversibly produced 
sites (2). 
Lewis and Parfitt'° proposed that the three absorption 
bands at 3660 cm 1 , 3690 cm 1 and 37140 cm' represented different 
hydroxyl species and suggested that, in addition to terminal and 
bridged groups, two hydroxyl groups could occur on one titanium 
-14- 
ion (a geminal site) on the (100) and (101) planes. Jackson and 
Parfitt11  carried out a more detailed infrared study and, like Primet, 
adopted the (110) plane as a model for the surface. They identified 
two types of hydroxyl groups, terminal and bridged, and suggested 
the latter arose from the addition of a proton to a lattice oxygen 
ion. 
Jones and Hockey9 adopted the model surface which has 
been described, in Section 1.1 and used it to identify the infrared 
absorption bands of a sample of pure rutile and of a preparation 
which contained 0.5% chloride impurity. The authors agreed with 
Parfitt that both bridged and terminal hydroxyl groups existed on 
the surface but disagreed on the detailed assignment of absorption 
bands to hydroxyl groups. They also found that the presence of 
chloride facilitated the dehydroxylation process. 
It is clear from the summary of these investigations 
given in Table 1.2 that there are differences of opinion both about 
the types of hydroxyl groups present and their assignment to absorption 
bands. Parfitt and Primet can be criticised on their choice of the 
(110) plane as a model for the surface as this is clearly an over-
simplication of the real situation and implies that, no water is 
adsorbed on the (101) and (100) planes which make up nearly 140% 
of the surface. Hockey goes some way to improve on this by 
considering three cleavage planes. The investigations which 
conclude that both bridged and terminal hydroxyl groups exist 
are somewhat disappointing in that they are not able to provide 
evidence for the different chemical reactivities which might be 
expected for different types of hydroxyl species. Primet studied 
the exchange reactions of the surface hydroxyl groups with deuterium 
and similar studies have been made by Lake and Kemb 13 all and by 
Parfitt and in none of these studies was it possible to distinguish 
a difference in the rate of disappearance of hydroxyl groups. Parfitt 
also described the adsorption of but-l-ene and carbon dioxide on rutile. 
The butene interacted with surface hydroxyl groups at 1423 K but showed 
no preferential reaction with any one type of hydroxyl group, however 
there was some evidence that the species which the authors considered to 
be a bridged hydroxyl group reacted preferentially with carbon dioxide to 
produce a labile bicarbonate species. 
Another technique frequently used in surface studies is 
temperature programmed desorption (TPD). Munuera and Stone 15 used this 
technique to study water desorption from rutile surfaces. The TPD scan 
is shown in Fig. 1.5 and indicates that two types of adsorbed water were 
present on the surface. The low temperature peak at 523 K was attributed 
to molecularly adsorbed water and the peak at 6143 K to dissociatively 
adsorbed water. The latter type of adsorption occurred first on a 
dehydroxylated surface. The authors assumed that dissociation of 
water occurred by the process 
+ H 	ObH -9- OH + oiç 	 1.1 
where OH was bound to a coordinately unsaturated Ti ion and OH   was 
formed by attaching the dissdciated proton to an adjacent oxygen ion' 
on the oxide surface. This was in agreement with the conclusions of 
Hockey and Parfitt that the surface accommodated both terminal groups 
(OH) and bridged groups (OH). 
The area of the peak at 6143 K corresponded to 
approximately half the surface having become hydroxylated during 
adsorption. The authors suggested that a water molecule had 
dissociated on every other 5-coordinate Ti ion which implied that 
after dissociative adsorption was complete the surface consisted of 
isolated 5 coordinate Ti ions, isolated o2 ions and OH /OHb pairs. 
They proposed that further water adsorption occurred in a molecular 
fashion and was taken up as a coordinating ligand at the remaining 
exposed Ti ions. The paper also described experiments where 
adsorption isotherms were measured for the hydroxylated surface and 
which revealed that molecularly adsorbed water could be divided into 
• "weakly" adsorbed fraction (removeable by evacuation at 273 K) and 
• strongly adsorbed fraction. The TPD experiment only detected the 
latter fraction. The authors suggested that weakly adsorbed molecular 
water could be attributed to adsorption at surface oxide ions and, at 
higher pressures, to the onset of multilayer formation. 
A later paper by Jones and Hockey 16 followed the 
rehydroxylation of dehydroxylated rutile •surfaces spectroscopically 
and reported that coordinately bound molecular water was present on 
the surface before the dissociative adsorption was complete. The 
15 
authors disagreed with the view put forward by Munuera and Stone that 
water dissociated on every other Ti ion, pointing out that those authors 
had based their calculations on a model surface which was composed of the 
(110) plane only, and proposed instead that half of the total quantity of 
desorbed water which arose from surface dehydroxylation corresponded to 
dehydroxylat ion of a fully hydroxylated (110) plane. 
In conclusion, whatever the correct assignment of infra-
red absorption bands may be, three main points can be drawn from these 
studies: 
water is readily adsorbed on to the rutile surface, 
either molecularly or dissociatively 
molecular water, probably adsorbed on Ti ions, is 
removed by evacuation in the temperature range 373 K 
to523K 
- P1 - 
 (iii) dissociatively bound water requires evacuation 
at temperatures above 600 K before condensation 
occurs readily and even after prolonged evacuation 
at 673 K some isolated hydroxyl groups remain on 
the surface. 
1.2.2 	Adsorption of Other Molecules 
Parfitt, Ramsbottam and Rochester 17 studied the 
adsorption of hydrogen chloride on rutile and found that hydroxyl 
groups and water molecules were formed during the adsorption. Fig. 
1.6 shows the reaction mechanisms the .authors proposed to account for 
these reactions. " tions They also showed that after adsorption of hydrogen 
chloride the surface showed Bronsted type acidity which had not been 
present before adsorption. Jones and Hockey carried out a less 
extensive study with similar results9 . 
Studies of the adsorption of ammonia on rutile 18,19  
indicated associative adsorption on to Lewis acid sites only and 
gave no evidence for the formation of ammonium ions which result 
from adsorption on to Bronsted acid sites. primetl8  found evidence 
for two types of acid site,, one of which existed on a sample outgassed 
at 1123 K and a second which was only present after outgassing at 
623 K. The former was thought to have been formed by desorption 
of molecular water and the latter by condensation of isolated 
hydroxyl groups. 
15  Munuera and Stone studied the adsorption of propan-2-ol 
and acetone at 273 K on rutilC surfaces. They found that the alcohol 
was more strongly adsorbed than the ketone and that while - the - ketone 
could be displaced by water, the alcohol could not be similarly 
dislodged. The authors suggested that associative adsorption was 
occurring at vacant ligand positions at isolated Ti ions and that 
'.1 
alcohol adsorption could also occur at Ti-0 surface pairs, Fig. 1.7a -c. 
Although there was no infrared evidence for a surface alcoholate group 
(Fig. i.7b) they could not rule out the possibility of its formation. 
They suggested that adsorption modes involving OH-OH pairs or 011-0 
pairs (Fig. 1.7d,e) were possible but less likely to yield a high 
enough heat of adsorption to give the type I isotherms which the 
authors, observed. 
Jackson and Parfitt 20 studied the adsorption of ethanol, 
butan-l-ol and hexan-1-ol vapours on i-utile at room temperature. In 
15 
contrast to Munuera and Stone they reported that all the alcohols 
adsorbed dissociatively to form an alkoxide group and a hydroxyl 
group, and that this happened equally readily on hydroxylated and 
non-hydroxylated surfaces, the latter being produced by evacuation at 
673 K. They explained their results. by proposing a dual adsorption 
mechanism involving esterification on the fully hydroxylated surface, 
while on the dehydroxylated surface the alcohol was adsorbed by 
breaking oxygen bridges previously formed by condensation of the 
surface hydroxyl groups. The hydroxyl group formed during adsorption 
of the alcohol was observed as a new peak in the infrared spectrum at 
3430 cm-1  . Thermal 'decomposition of the alkoxide species started at 
473 K and at 573 K there was complete removal of the hydrocarbon 
peaks and appearance of the hydroxyl peaks representative of a 
surface evacuated at 573 K. Gas chromatographic analysis of the 
decomposition products showed the presence of water and alk-1-ene only and 
on this basis the authors proposed that the mechanism of decomposition 
involved a proton extraction from the 8 -carbon atom and rupture of the 
carbon-oxygen bond. This produced an alk-l-ene molecule and a surface 
hydroxyl species, the subsequent condensation of which produc,ed water' 
and a surface hydroxyl population compatible with the temperature of 
- 
the decomposition reaction. 
The authors do not discuss details of the mechanism such 
as whether the reaction is concerted or whether charged intermediates 
are involved; however the mechanism as proposed involves two active 
sites on the surface - a Ti 1 ion on which the alkoxide is formed and 
an o2_ ion which abstracts the 8-hydrogen during the decomposition 
of the alkoxide. 
In conclusion, the investigations described in this 
section indicate the importance of incompletely coordinated Ti ions 
as an adsorption site on the rutile surface and, to a lesser extent' 
3P 
the involvement of surface oxide ions usually in conjunction with 
Ti ions. Investigations of the relative strengths of adsorption 
indicate that water, being strongly adsorbed, is likely to 
interfere with the adsorption and possible reactions of some 
organic molecules. 
1.3 	Catalytic Studies on Rutile 
1.3.1 	Effects of Doping on Catalytic Activity 
The idea that the collective electronic properties of 
metals, alloys and semiconductors are in some way intimately related 
to the catalytic activity of these solids forms the basis of the 
electronic factor in catalysis. The approach seeks a relationship 
between the catalytic activity and the electronic structure of the 
bulk solid. 
Keier and coworkers 21 studied the decomposition of 
propan-2-ol on pure rutile and on rutile doped with Fe 203 and with 
W03 . The introduction of W0 3 increased the dehydrating activity to 
such an extent that the catalyst was entirely specific for propene 
production whereas the introduction of Fe 203 decreased both the 
activity, and the selectivity for dehydration. The catalytic 
properties of rutile containing equimolar quantities of Fe 203 and W03 
were similar to those of pure rutile. These observations together with 
measurements of semicond.uctivity, changes in work function and the 
influence of applied electrostatic fields were taken as evidence for 
electron transfer mechanisms for both dehydration and dehydrogenation 
of'propan-2-ol. The'mechanism proposed by Keier was one where the 
initial 'step involved the' abstraction of an electron from the catalyst 
and the formation of a negatively charged isopropanol species chemisorbed 
through the hydroxyl group, Fig. 1.8. Subsequent steps involved a two-
point adsorbed intermediate similar to that proposed by Hauffe for zinc 
oxide22 . Water was desorbed from this intermediate leaving a positively 
charged propene complex which desorbed by abstracting an electron from 
the surface. 
A more recent investigation into the effect of doping 
rutile with aliovalent ions has been carried out by Gentry, Rudhem 
and Wagstaff23 . In this study pure rutile was doped with 0.1 mol 
Cr203 ; Fe2O3 NiO; Nb205 and with W03 and a comparison was made 
between the doped rutiles and two preparations of pure rutile. The 
authors found that the selectivity for dehydration was increased by 
/ 
dopent ions of valency greater than four and decreased by dopent 
ions of valency less, than four, which suggested that the bulk 
electronic properties of rutile were of 'importance in determining 
the catalytic properties. However the results they. obtained from 
the two preparations of pure rutile showed variations in selectivity 
comparable in size to the variations caused by dopent ions. In 
addition, it was found that both pyridine and tetracyanoethene 
poisoned the alcohol decomposition and the authors concluded that 
dehydration proceded via' an acid-base mechanism in which the effects 
- 11 - 
of the dopent ions were geometric, that is the presence of aliovalent 
ions served to alter the geometry of the surface, rather than electronic. 
The proposed reaction scheme i-s shown in Fig. 1.9. The dehydrogenation 
reaction was also affected by doping but the effects could not be 
correlated with electronic or geometric factors. 
1.3.2 	Isomerisation Reactions of Alkenes 
Shannon and coworkers 24 studied the isomerisation of 
but-l-ene and cis-but-2-ene over rutile and also carried out these 
reactions in the presence of deuterium and deuterium oxide in order 
to find out the influence of the added material on the rate of 
isomerisation and the extent of isotopic replacement during the 
isomerisation. The reactions were characterised by high cis/trans 
ratios and a faster rate of double bond migration compared to cis-
trans isomerisation. It was suggested that the double bond migration 
occurred via an allylic carbanion intermediate involving a basic 
site on the catalyst surface. The authors, proposed that the 
intermediate could exist either as a cis-allylic carbanion or 
a trans-allylic carbanion (which could not interconvert because of 
restricted rotation about the central carbon-carbon band) and quoted 
the work of others to support the idea that the cis-al lylic carbanion 
was thermodynamically more stable than the trans form, thus 
accounting for the high cis/trans ratios. However this mechanism' 
could not explain the direct cis to trans isomerisation which they 
observed with cis-but-2-ene and it was suggested that this reaction 
proceeded via a 2-butyl carbonium ion.Ionic intermediateswere 
preferred to possible radical species because of the different 
effects of deuterium and deuterium oxide - deuterium had very 
little effect on these reactions but .deuterium oxide decreased 
the rate of but-1-ene isomerisation by a factor of 200 at 1492 K. 
Co-isomerisation experiments with light and perdeutero cis-but-2-enes 
indicated that exchange of cis-but-2-ene and isomerisation had a 
common mechanism. 
The reaction scheme described above implied that at 
least two active-sites were present on the rutile surface - a 
basic site which catalysed the double bond migration and a Bronsted 
acid site which catalysed the cis to trans isomerisation by donating a 
proton to the alkene. The authors made no attempt to identify these 
sites nor did they try to obtain confirmatory evidence for the scheme 
by selective poisoning experiments, for example by preadsorption of 
acidic or basic molecules. 
A later and more detailed study of the butené 
isomerisation reactions was carried out by Brookes 25 . It was found 
that variation of the outgassing temperature above 1423 K made little 
difference to rate of isomerisation. This he interpreted as 
indicating (a) that hydroxyl groups were not active sites for 
isomerisation, nor did they poison the reaction; and (b) that the 
active site was' a Ti ion which before outgassing at 1423 K had been 
covered by an adsorbed water molecule. The proposed mechanism. 
involved nucleophilic attack by the double bond in the butene 
molecule on a surface.Ti ion, Fig. 1.10. The high cis/trans 
ratio was thought to arise from the attraction of the C 14 carbon 
atom to a neighbouring Ti ion, favouring the, anti-conformation of 
the molecule. The mechanism also explained poisoning effects which 
had - been observed, when small quantities of nucleophilic molecules 
such as ammonia and hydrogen cyanide were preadsorbed on the 
catalyst surface as these molecules would be expected to coordinate 
on Ti ions. 
ii - 
Since Shannon carried out his investigation, infrared 
studies (described in Section 1.2.1) have not provided any evidence 
of Bronsted acidity on rutile surfaces. Moreover if the mechanism 
proposed.by Shannon were correct then thepreadsorption of ammonia 
carried out by Brookes should have poisoned the cis-trans 
isomerisation but not the double bond migration whereas in 
fact both reactions were poisoned. 
Brookes extended the butene isomerisation mechanism 
to include the isomerisation reactions of alkylcyclopropanes and 
dimethylbutenes. The relative reactivity of the cyclopropanes 
was in the order 
1,1 dimethylcyclopropane > 1,2 dimetbylcyclopropané > 
methylcyclopropane > cyclopropane 
which corresponded to the relative stability of the carbonium ions 
which can be formed from these molecules and indicated that the 
reactions followed a similar mechanism to that of but-1-ene 
isomerisation. The isomerisation reactions of 3,3 dimethylbut-
1-ene and 2,3 dimethylbut-1-ene were studied and the relative 
activities found to be in the order 
2,3 dimethylbut-1-ene > 3,3 dimethylbut-1-ene > but-1-ene 
which again corresponded to the stability of the carbonium ions 
formed from these molecules. The isomerisation of alkylcyclopropanes 
and dimethylbutenes was poisoned by water in a similar manner to that 
described for butenes. 
1.3.3 	Exchange Reactions of Alkenes and A1kr1benênes 
Lake and Kemba.1113  reported the reactions of . a series 
of alkenes (ethene, propene and isobutene) with deuterium over 
rutile in the, temperature range 523 K to 723 K. It was found that 
the.bydrogen atoms in the alkenes could be grouped according to their 
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rate of exchange with deuterium - all the hydrogens in isobutene and 
five of the six in prbpene reacted at similar rates and formed one 
group while a second group exchanged at about 1/100th the rate of 
the first group and included the sixth hydrogen of propylene and 
all the hydrogensof ethene. The authors proposed.that the hydrogen 
atoms in the first group exchanged by a reversible dissociative adsorption 
of the alkene' with the formation of an allyl radical, Fig.. i.11a. This 
intermediate permitted exchange of all the hydrogen atoms of isobutene 
and the terminal hydrogens, but not the central hydrogen, of propene. 
The terminal hydrogen atoms of the allyl radical formed from propene 
are chemically equivalent and this explained why the five terminal 
hydrogens of propene were replaced at the sane rate and, for 
-corresponding reasons, why all eight hydrogen atoms in isobutene 
were equivalent. Although preferring an allyl radical intermediate, 
the authors accepted that an allyl carbanion species would serve 
equally well as an intermediate in these reactions. It was 
proposed that the second group of hydrogens were exchanged by 
an associative mechanism involving formation of an alkyl species, 
Fig. l.11b. Further since the addition reactions of these alkenes 
occurred at similar rates to the exchange of the second group of 
hydrogens, the authors suggested that the addition reaction also 
involved the formation of alkyl intermediates. The exchange of 
propene (5 hydrogens) with deuterium and deuterium oxide and 
isobutene (8 hydrogens) with deuterium all occurred at similar 
rates and this may have been why the authors did not discuss the 
possibility' of carbonium ions as intermediates in these reactions, 
although carbonium ions would also explain the different 
reactivity of the two groups of hydrogen atoms. No attempt was 
- 15 - 
made -to identify the catalytically active site in these reactions. 
A more recent study of the exchange of propene on 
oxide catalysts was carried out by Hughes, Tyler and Kemball26 
and the d1 and d2-propene species were investigated by microwave 
spectroscopy.: On rutile, this technique was not able to 
distinguish between a carbonium ion mechanism and a ir-allyl 
carbanion mechanism. 
The exchange reactions of some alkylbenzenes (benzene, 
toluene and m-xylene) with deuterium have also been investigated 
over rutile13 . With toluene ring hydrogens and side-group hydrogens 
exchanged at the same rate; with m-lene the hydrogen atoms in the 
ring were more active than those in the side-groups although only by 
a factor of 1.  The authors did not put forward definite proposals 
about intermediates and mechanisms because the various alternatives 
could not be excluded, for example the m-xylene reaction was typical 
of homogeneous acid catalysis but the toluene reaction corresponded 
more to the type of catalysis seen over metals. They did comment 
that the low selectivity was characteristic of reactions involving 
radicals. 
Exchange Reactions of Ketones 
The.exchange reactions of a series of ketones (acetone, 
methyl ethyl ketone, methyl isopropylketone, mesitylOxide and 
cyclopentanone) were studied over rutile by Shannon, Lake and 
Kemball2. The exchange with deuterium oxide and acetone occurred 
readily at 313 K but with deuterium no reaction was observed at 
343 - K and at higher temperatures the -acetone - condensed to form 
mesityl oxide and mesitylene and material was lost from the gas 
phase to the surface of the catalyst. 
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With deuterium oxide all the hydrogens which were 
exchanged in any molecule reacted at the same rate but there was a 
limit on the number of hydrogen atoms which were exchanged. This 
number equalled the number of enolisable hydrogens-in the molecule, 
that is those hydrogen atoms on the carbon atoms a to the keto group 
and those in the methyl groups in mesityl oxide, CH 3 .CO.CHC(CH) 2 . 
The authors proposed a mechanism for the exchange which involved a 
base catalysed reaction 
B 	CH3.CO.CH3. -- 	 CH2 .CO.CH3 	+ BH 
This produced a carbanion which was stabilised by resonance with the 
corresponding enol anion and which explained the limit on the number 
of exchangeable hydrogens. 
In this mechanism the catalyst was acting as a base in 
removing a proton from the ketone and subsequently as an acid in 
supplying D. The authors made no attempt to identify the active 
site in these reactions beyond suggesting it was a basic site, and 
assumed that the inhibiting effect of water on the reaction was a 
result of competition between water and ketone molecules for this 
basic site. The experimental observations can be explained by the 
base-catalysed reaction scheme given above but they can equally well 
be accounted for by an acid-base concerted mechanism which involves 
an acid site-acting in conjunction with -a basic site on the surface 
and there is as - much evidence for this type of acid-catalysed 
enolisation as there is for the base-catalysed reaction 27.  The 
authors admitted that they could not rule out the acid-catalysed 
reaction but gave no reasons for preferring the base-catalysed 
mechanism. 	 - 
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1.3.5 	Hydrogenation Of Buta -I,3-diene 
Two brief investigations of the hydrogenation of buta-1,3-
diene have been carried out over rutile. 
Shannon 24  found that in the temperature range 623 K to 
693 K the diene was selectively hydrogenated to the alkene and that 
initially the alkenes were formed in the order 
but-1--ene > cis-but-2-ene > trans-but-2-ene. 
The author suggested that 1,2 addition of hydrogen was the main 
reaction but that some 1,4-addition also occurred since the but-2--enes 
were initial products of the reaction and not formed by isomerisation 
of but-1-ene. Isomerisation of butenes was poisoned by buta-1,3-diene 
and did not occur until the later stages of the reaction. 
Brookes 25  investigated this reaction over a different 
preparation of rutile and observed a similar selective hydrogenation 
but one where the butenes were initially formed in the order: 
cis-but-2-ene> but-l--ene > trans-but-2-ene. 
He suggested that the different product distributions found in the 
two investigations could be accounted for by variations in the 
sensitivity of the rutile preparations to poisoning by buta-1,3-diene. 
1.3.6 	The Catalytic Studies Undert aken inthe Present 
Investigation 
From this review of the catalytic studies which have 
previously been carried out on rutile, it is at once apparent that 
in comparison to other catalysts such as alumina, relatively little 
attention has been given to rutile. No doubt one reason for this 
is that rutile is catalytically a relatively inactive material in 
the areas of chemistry which are of major industrial importance; 
cracking and hydrogenation are examples of these. The results 
obtained on rutile are nevertheless of interest because they reveal some 
general features of relevance to the whole subject of oxides as 
catalysts. 
The work carried out on rutile in these laboratories 
has in the past used very different preparations of rutile to catalyse 
various organic reactions, mainly those of alkenes. These studies have 
shown clearly that the methods of preparation and pretreatment of the 
catalyst have an important bearing on its catalytic properties and 
under these circumstances it is sometimes difficult to decide how. 
the different investigations relate to one another. Brookes 25  used 
this approach deliberately but in his work but-l-ene isomerisation 
was used as a standard reaction in a survey of the properties of a 
series of rutile catalysts. 
The approach taken in the present investigation is to 
attempt to find out more about the catalytic properties of rutile 
by studying a variety of organic compounds using only one preparation 
of catalyst. In this way, the catalyst remains the constant factor 
throughout .a series of different reactions and therefore any changes 
in activity of the catalyst must reflect changes in the chemical 
structure of the compounds. It is thought that this type of study 
will enable the role of the catalyst to be more fully understood. 
The work presented in this thesis falls into three 
parts - reactions of alkynes and dienes; reactions of alcohols; 
and reactions of alkanes. A brief introduction to these three 
areas of chemistry, with particular emphasis on their catalytic 
applications, is given iimnediatély prior to the discüssionof each 
series of reactions on rutile. 	. 
Table 1.2 The identification of surface species on rutile by i.r. spectroscopy 
Author and 	Sample area 	Outgassing 	Absorption 	Identification by the 
Reference and major : temperature, bands authors 
impurity 	
K 1 	 (cm Y1 
Lewis and 	 28 m2 g; 	 1473 	 3660 
Parfitt (10) 	chlorine 3350 
15 
FIG. 1.1 The atomic arrangement of the tetragonal crystal rutile. 
Large circles represent oxygen atoms, small circles titaniui 
atoms. The numbers refer to the bond types listed in 
Table 1.1 After Grant1 . 
TABLE 1.1 
	
Bond 	Type a.  
Ti-O 	1 
Ti-0 2 
0-0 	.3 
0-0. 14 
0-0 	5  
Number of 
bonds of 
its type 
per unit cell 
It 
2 
8 
2 
2 
1.91414±ó.004A. 
1.988+0.006A 
2.780+0.002A 
2.526:;0.012A 
2.959+0.002A 
Angle 	Bond 
	
Number of 
Types angles of 
its type 
per unit cell 
0-Ti-0. 1,1 (smaller 	2 
angle) 
0-Ti-0 1,1 (greater 
angle) 	2 
0-Ti-0 1,2 	 8 
99.2° 
90.00 (by symmetry) 
a 
The numerals refer to the bonds indicated in FIG. 1.1 
FIG. 1.2 The atomic arrangement of the tetragonal crystal 
of anatase, after Von Hippel3. 
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FIG. 1.3 	Plan views of the clearage planes of rutile: a, (110) plane; 
b, (101) plane; c, (ioo) plane-(i) the plan view, (ii) the 
elevation along the c-axis. 
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FIG. 1.4 Sites at which dehydroxylation of the rutile surface 
may occur, after Primet, Pichat and Mathieu 12 . 
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FIG. 1.5 	Temperature programmed desorption ofwater, after 
Munuera and Stone 15 . TPD from Ti02 outgassed at 
673 K and on which increasing amounts (b+e) had 
been re-adsorbed. Amounts of water re-adsorbed: 
(a) none (residual water afteroutgassing at 673 K); 
(b), O.08x10 6 m3  B_i; (c), 0.15x10 6 rn3 9-1 ; (d), 
0.25x10 m B 6 3 -
1 	 -6  (e), 0.52x10 
6 
rn3 g1.  TPD heating 
rate = 1.5 K ruin 
4YC 
Ti4 O 2 Ti4 +HC1 Ti4 OHTi4 C1 
H 
45C 	/ 
Ti4 OTh+HCI TI+O CI- Ti4 C1+H20 
400°C 	\ 
H 
FIG. 1.6 Adsorption of hydrogen chloride on rutile, after 
Parfitt, Ramsbothazn and Rochester' T . 
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FIG. 1.7 	Sites for the adsorption of propan-2-ol and 
acetone on rutile, after Munuera and Stone15. 
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OH 
CH CH. CH 
+ 	- 
H OH 
(a) 	(a) 
1L 
• 	 (cH.  CH. cH3 ) + H2O (g) + e 
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FIG. 1.8 Mechanism for the formation of propene from 
propan-2-olori rutile, after Keier21. 
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FIG. 1..9 Mechanism for the dehydration of propan-2-ol on rutile, after 
Gentry, Rudham and Wagstaff 23 
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FIG. 1.10 Mechanism for the isomerisation of butenes on rutile 
after Brookes 25. Small circles represent Ti ions, 
large circles O 	ions. 	. 	. . . 
a 	CH CH. CH 
b -CH2 .CHD.CH3 
FIG. 1.11 	Intermediates in the exchange of 
propene with deuterium after Lake' 
and Kemball13 . a, ailyl radical 
species allowing the exchange of 
the' terminal hydrogen atoms of 
propene; b, alkyl species allowing 
exchange of the hydrogen atom on the 
central carbon atom of propene. 
CHAPTER 2 
Experimental Procedure 
	
2.1 	The-preparation-of rutile used in this investigation 
The catalyst used in this work was a rutile (code number: 
CL/D 1412) made by Tioxide International Ltd. It was prepared from 
titanium tetrachloride by hydrolysis, followed by washing and then 
calcination at 698 K. Analysis of the preparation showed that its 
major impurity was chlorine (0.3%) and that lesser impurities were: 
Fe, Pb, Nb 205 Zr02 	< 10 ppm 
CuO, K20, Sb203 , ZnO < 20 ppm 
Al, Si, P205, so 	< 100 ppm 
The surface area determined by B.E.T. adsorption of nitrogen 
was 25(±l) m2 g. 
2.2 	Apparatus 
The present work was carried out on gas-handling systems 
designated gas-lines I to V. Gas chromatography was used to analyse 
reactions on gas-lines I, IV and V; mass spectrometry was used with 
gas-line II; and a combined gas chromatograph-mass spectrometer with 
gas-line III. The gas-handling systems of all gas-lines were 
essentially similar and therefore a detailed description of 
.that part of the apparatus will only be given for gas-line I. 
Gas-lines I, II and III have been described previously by 
25 	:28 29 Brookes , Moller and Dowie , respectively. 
2.2.1 Gas-line I - Static system with gas chromatographic analysis 
All the gas chromatographic studies of dienes, alkynes and the 
six alcohols (ethanol, propan-l--ol, propan-2-ol, 2-methyl-propan-l-ol, 
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2-methyl-propan-2-ol and butan-2-ol) were carried out on the static 
system shown in Fig. 2.1. The catalyst lay as a powder at the 
bottom of the reaction vessels which were in two parts joined by 
a water-cooled joint to give a total reaction volume of 1.01xlO -4  
m3 . A glass wool plug was placed in the neck of each vessel to 
stop the catalyst scattering through the gas-line during evacuation. 
A cold finger, 6x10 2 m long, was internally sealed into the bottom 
of the reaction vessels, A and B on Fig. 2.1, so that 2xlO -2  m 
protruded inside the reaction vessel. When the outside part of 
the cold finger was surrounded by-liquid nitrogen it was possible 
to freeze a reactant mixture into the vessel without freezing the 
chemicals on to 
connected, through a three-way glass stopcock, to a Perkin-Elmer 
F.11 sampling valve and thence to a gas chromatograph. 
There were three pumping systems on the apparatus. The 
'outgassing system and the gas-handling system each had a three-stage 
mercury diffusion pump backed by an oil rotary pump. A third 
rotary pump was used to evacuate the atmospheric chambers of the 
McLeod gauges. The outgassing system was connected only to the 
reaction vessels and the main McLeod gauge and used only for 
outgassing 'catalysts. After outgassing the pressure in the 
gas-line, as registered on the McLeod gauge, was 1 mPa. 
Approximately 20 g of fine gold gauze was situated in 
F (see Fig. 2.1) to remove mercury from gases entering vessel B. 
The gold was surrounded by a furnace external to F and could be 
cleaned, by evacuation at 530 K. In addition a McLeod gauge was 
connected through a glass mercury cut-off and a glass Stopcock 
to section F. This gauge enabled pressures in the range 
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0-2.22 kPa to be measured. 
Gases in frequent use were stored in bulbs attached to 
section G which also had a rank of taps and cone joints through 
which other gases could be admitted. Traps H and I connected G to 
two palladium thimbles, J and K. These could be healed electrically 
and hydrogen or deuterium purified by diffusion through the heated 
thimble. 
2.2.2 Gas-line II - Static system with mass spectrometric analysis 
The experiments which involved mass spectrometric analysis 
Only were carried out on gas-line II which has been described in 
detail by Moller28. it consisted of essentially three parts: a 
high vacuum gas-handling system which enabled known mixtures of 
gases and vapours to be prepared; a reaction vessel of volume 
L50xl0 m3 coupled to a fine capillary leak; and a mass 
spectrometer which enabled the composition of the gas mixture 
in the reaction vessel to be analysed periodically. 
The gas-handling system is shown diagrammatically in 
Fig. 2.2. It is essentially the same design as that already 
described for gas-line I. 
The leakage of the reaction mixture into the mass. 
spectrometer was controlled by a fine capillary leak 12 cm in 
length which gave a leak rate of 2.67 kPa of air in a volume of 
2.OxlO 5 m3 in 0.3 h with a pressure differential of 101 kPa. 
The capillary,'similar to that described by Nier 30, allowed 
about 3% of the gas in reaction vessel to flow into the mass 
spectrometer during a reaction, giving ample gas flow for 
analysis without affecting appreciably the amount of gas in 
the reaction vessel. 
- 23 - 
An A.E.I. MS10 mass spectrometer equipped with an. electro-
magnet was used to monitor the reaction. In the present work an 
ion accelerating voltage of 500 V was used, enabling a mass range 
of 0-200 to be scanned. The vacuum inside the - mass spectrometer 
was produced by an oil diffusion pump backed by a two stage oil 
rotary pump equipped with P 2  0 5 
 trap and discharge tube. The 
pressure inside the mass spectrometer was measured with an 
insertion ionisation gauge which also incorporated various 
protection circuits against vacuum failure. 
2.2.3 Gas-line III - Static system with combined gas chromatographic-
mass spectrometric analysis 
The exchange and dehydrogenation reactions of alkanes were 
carried out on gas-line III where the isotopic distribution of each 
component of the reaction mixture was analysed by a fast-scanning 
mass spectrometer after gas chromatographic separation 31 ' 32 . The 
apparatus is shown diagrammatically in Fig. 2.3. 
The separation of components was achieved by a Perkin-Elmer 
gas chromatograph operated with helium as the carrier gas. The 
columns which were used on this apparatus are given in Table 2.1, 
together with the relevant operating conditions. After separation, 
the components of the reaction mixture were swept into a stainless 
steel capillary leading to a Biemann-Watson molecular separator 
which pumped the helium carrier away leaving an enriched hydro-
carbon mixture to enter the mass spectrometer - an A.E.I. M620 
"Rapide" which was a single focussing, ir radian deflection 
instrument with rapid magnetic scanning. The pumping system 
and pressure indicator were similar to that described for 
gas-line II. 
Experimental data could be recorded in three ways. The 
total ion intensity meter gave a trace which was equivalent to 
that obtained from a flame ionisation detector and at the start 
of each peak spectra were recorded by switching the electromagnet 
to the repetitive scanning mode between preset high and low mass 
numbers, in this case 100-0. The spectra were fed to the analogue-
to-digital convertor (ADC) of an on-line computer (PDP11 Digital 
Equipment Corp., Maynard, Mass., U.S.A.) and could also be 
displayed on ultra-violet sensitive chart paper. All the 
spectra were fed to the PDP11 and stored for subsequent 
processing. The chart paper was usually used only to monitor 
the reaction but, in the event of a computer shut-down, could 
be used to record all the data. 
2.2.4 Gas-line IV - Flow system with gas chromatographic analysis 
Static systems of the designs described above are of limited 
use if the reactant of interest has a low vapour pressure at room 
temperature. It becomes difficult to move the reactant about the 
gas-line and condensation can occur at the water-cooled joint in 
the reaction vessel. This problem arose with alcohol reactants. 
and only the six alcohols mentioned in section 2.2.1 could be 
studied on a static system. In order to expand the investigation 
to include other alcohols it was necessary to build a flow system 
which incorporated a continuous flow of vapour through a 
thermostatted system. A schematic drawing of this system is 
shown in Fig. 2.24. 
The carrier gas, "white spot" nitrogen, passed from a 
cylinder fitted with a pressure regulator, through a Negretti 
and Zambra precision regulator,a Napro needle valve, a G.E.C. 
Elliott "Rotometer 1100" flowmeter and a glass capillary flowmeter 
which allowed flow rates in the range (O-1-l.6)xiO 7  m3 s to be 
measured. Immediately after the flowmeters the carrier, gas passed 
into a glass saturator which was positioned in a thermostatted water 
bath and which contained the liquid reactant.. The saturator 
consisted of three tubes in series each containing the liquid 
reactant above'a Pyrex-2 sintered disc through which the nitrogen 
bubbled and became saturated with alcohol vapour. From the 
saturator the flow of nitrogen plus alcohol vapour passed 	- 
through heated 'steel tubing into a Cane mini-volume valve 
which enabled the flow to be channelled either into the 
reactor or to by-pass it; the latter arrangement allowed 
the purity of the reactant to be checked before a catalytic 
run. 'Having entered the reactor the gases flowed through 
the catalyst bed and out to vent through a second Cane valve 
by means of which samples of the flow could be transferred to 
a gas chromatograph for analysis. 
All the steel tubing after the saturator was heated 
electrically to a temperature higher than that of the water 
bath to prevent condensation of vapour inside the tubing and 
the reactor could be further heated with .a furnace controlled 
by a Eurotherm temperature control unit. The reactor was 
surrounded by asbestos string to help stabilise the 
temperature during an experiment and the temperature was 
recorded on a digital voltmeter using a chrome-alumel 
thermocouple situated so as to touch the reactor at the 
same level as the catalyst. Once the required temperature 
was attained it was steady within +0.5 K during an experiment. 
Both ends of the reactor could be connected to a gas-
handling system through the Carle mini-volume valves and these 
'-W 
connections were used to outgas the catalyst before use and also to 
calibrate the gas chromatograph. By manipulating the connections 
it was possible to always admit gases from above the evacuated 
catalyst and to evacuate from beneath the catalyst which 
prevented any. of the powder being blown out of the reactor. 
The design of the reactor and the arrangement of the Cane 
mini valves is shown in Fig. 2.5 and Fig. 2.6. 
The gas-handling system consisted of storage bulbs for 
gases which were in frequent use and a rank of stopcocks and 
cone joints through which other gases could be admitted. A 
mercury manometer was used to measure the pressure of gases 
and the residual pressure in the line was measured with a 
McLeod gauge. The pumping system consisted of a mercury 
diffusion pump backed by an oil rotary pump. 
2.2.5 Gas-line V - Pyrolysis unit 
Many of the dienes and alkynes studied in this work 
underwent self-hydrogenation reactions which left a carbonaceous 
residue on the catalyst surface. In order to investigate this 
residue more closely, Tioxide International Ltd. kindly made 
available a nitrogen pyrolysis unit in their Central Laboratories. 
The apparatus is shown in Fig. 2.7. 
It consisted of a standard gas chromatograph which had 
been slightly modified to include a silica glass tube in the 
carrier gas flow before the gas entered the column. This tube 
was in two parts - the first half was a room temperature and 
could be disconnected to allow a sample to be inserted into - 
the tube; the second half was surrounded by a furnace and could 
be heated to any required temperature. After leaving the column 
the gases entered a flame ionisation detector and signals .from 
this were amplified and displayed on a potentiometric recorder. 
2.3 	Procedure 
2.3.1 Source and Purification of Reactants 
Gases were C.P. grade from - Matheson and Co. and were further 
purified on gas-line I (see Fig. 2.1) by distillation from trap I 
to H with the latter surrounded by liquid nitrogen and under 
evacuation. Hydrogen and deuterium were purified by diffusion 
through electrically heated palladium thimbles, J or-K, from 
storage bulbs, M or L, through two traps at 77 K and into 
smaller storage bulbs. 
Liquid reactants were obtained from various sources, mainly 
B.D.H. or Koch-Light Chemical Suppliers,--and-all were >99% pure. 
Purity was checked by gas chromatography before use and if no 
impurities were detected on the attenuation range used in 
catalytic runs, the liquid was used without further purification. 
During use the liquids were stored in tap ampoules and were degassed 
by a freeze-pump-thaw cycle before each reaction. 
2.3.2 Static Systems 
The experimental procedure in the three static systems I, 
II and III was essentially similar and therefore a detailed 
description will only be given for gas-line I (see Fig. 2.1). 
Samples of catalyst were placed in the reaction vessel and 
outgassed overnight at 723 K. Before a catalytic run, the samples 
were pretreated with oxygen. A first dose of O.9xl020 molecules 
was allowed into the vessel for 5 mm. at 723 K; the sample 
was then outgassed for 2 mm. at 723 K and a second dose of 
oxygen admitted; after 15 mm. at 723 K the vessel was cooled 
to room temperature and then evacuated for 20 mm. 
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Using the mercury manometer reactants were admitted into 
the dose volume, E, to the required pressure and were frozen or 
expanded into vessel A through the mixing volume D. The mixing 
volume, a spherical bulb of volume 5.50x10 in3 , enabled the 
rapid mixing of two or more reactants before expansion into the 
reaction vessel, A. The part of the gas-line leading to reaction 
vessel B was designed for poisoning studies and reactants could 
be frozen or expanded into B through F. If small pressures 
(0-2.22 kPa) of poisoning agents had to be measured, the small 
McLeod gauge was used. 
Once in the reaction vessel, the reactants were brought 
to the required temperature by raising the preset furnace and 
the first sample was taken after three minutes. Thereafter 
successive samples were taken until either the reaction had 
gone to completion or a sufficient number of points had been 
collected to allow the rate of reaction to be calculated. 
On gas-line II the spectrometer was baked overnight 
at 573 K to remove any hydrocarbon molecules used in previous 
experiments which had adsorbed on to the walls of the 
spectrometer and the inlet tube. 
Typical amounts of hydrocarbons, in units of 10 20 
molecules, used in the catalytic experiments were: 
for all alkanes studied on the gas 
chromatograph-mass spectrometer 	 0.3 
for but-2-yne, buta-1,3-diene and 
all 'alcohols used on the static system 	, 0.6 
for buta-1,3-diene on the mass spectra- 
metric system 	 ' 	 1.3 
for ethyne 	 1.5, 
for propadiene and propyne 	 , 	3.6 
In the hydrogenation reactions of dienes and alkynes the ratio of 
hydrogen or deuterium to hydrocarbon was 2:1 while for the exchange 
reactions of these compounds and also for the exchange reactions of 
alkanes the D:H ratio was 3:1. For the reactions of alcohols a 0.1 g 
sample of catalyst was used and for all other reactants a 1.0 g was 
used. 
2.3.3 Flow System 
In the following description whenever the reactor was 
evacuated, valve-1 was in position-2 with the nitrogen inlet 
blocked (see Fig. 2.6) and the reactor was opened to vacuum 
through A (see Fig. 2.). Whenever gases were admitted from 
the gas-handling system to the evacuated reactor, valve-i 
was in position-1 and the gases were admitted through B. 
The outgassing and.oxygen treatments were carried out 
as described for the static systems. After the oxygen treatment, 
valve-1 was turned to position-1, i.e. the catalyst sample was 
open to vacuum through B, and valve A was opened to air. The 
saturator was placed in position in the water-bath and connected 
to the inlet to valve-1. In all experiments the water bath 
thermostat was preset to the temperature required to give 
2.66 kPa of vapour above the liquid reactant. The pressure 
regulator was then adjusted to provide nitrogen at 101 kPa 
and the needle valve was adjusted to give the required flow. 
of gas through the by-pass. 
Fifteen minutes were allowed to give the saturator and 
gas flow time to stabilise and during this period the purity of 
the reactant was checked by taking a blank sample through the 
chromatograph. The preset furnace was then raised around the 
reactor; valve-1 was turned to position-2 thereby allowing the 
).1 
flow of gas into the reactor; valve-2 was turned to position-1 and 
the system was allowed to reach a steady state over a period of 
approximately 2 h. The flow of gas was then sampled by turning 
valve-2 to position-2 for 10 s and then returning it to position-1. 
The effect of temperature was investigated by maintaining a 
constant flow rate of . xlO m s and altering the temperature 
of the reactor. The kinetics of the decomposition reactions were 
investigated at constant temperature by changing the flow rate in 
the range (0-11.6)x10 7 m3 S 1 . Whenever the experimental conditions 
were changed by altering temperature or flow rate, a period of fifteen 
minutes was allowed for the system to stabilise. At least four 
samples were taken for each temperature or flow rate and an average 
conversion obtained over these points. 
2.3.4 Pyrolysis Unit 
The samples of rutile analysed on the pyrolysis unit had 
previously been used to catalyse the self-hydrogenation of buta-
1,3-diene and were transported to the Tioxide Central Laboratories 
under vacuum. 
A 0.1 g sample of this treated rutile was placed in a 
platinum boat in the cool part of the silica tube. After sealing 
the tube and flushing with nitrogen the boat was moved into the 
hot part of the tube using a magnet. After 60 s at a preset 
temperature the gases above the, sample were swept into the 
column and analysed. In this way it was possible to examine 
the pyrolysis products at a series of temperatures either using 
a fresh sample for each temperature or using the same sample at 
successively higher temperatures. 
2.14 	Analytical Techniques 	 . 	. 
2.14.1 Gas Chromatography. 	 . 	. 	. 
Gas chromatographic analyses were carried out on gas-lines 
iJ. - 
I and IV using Perkin-Elmer F.11 chromatographs equipped with flame 
ionisation detectors. Amplified signals from the detector were 
recorded on a servoscribe potentiometric recorder and on a Kent 
"Chromalog 3" digital integrator. Samples were taken by opening 
the sample valve to the reaction mixture for 10 s and then flushing 
the valve with carrier gas for 10 s. The sample volume was such 
that in the static system, 3% of the gas phase reaction mixture 
was removed each time a sample was taken. On gas-line V the 
chromatograph was a Perkin-Elmer 1451 model. 
The chromatographic columns used in the analysis of the 
reactions of dienes, alkyiies and alkanes are given in Table 2.1 
with details of the operating conditions. For all alcohol work 
a 2 m column of Porapak S was used to separate the reactant from 
the aldehyde (or ketone) and alkene products. The operating 
condition. required for each alcohol is given in Table 2.2. 
When more than one alkene was formed during .a. reaction the 
Porapak S column did not always give satisfactory separation 
of the alkenes and in those cases duplicate experiments were 
carried out to obtain the alkene distribution. Butenes were 
separated on a 14  m column of 20% hexa-2,5-dione on Chromosorb P 
operated in an ethanol-ice bath with a carrier gas pressure of 
207 kPa. Methyl butenes were separated on a 2 m column of 
propylene carbonate on Chromosorb P at room temperature with 
a carrier gas pressure of 207 kPa. 
The sensitivity factors (s) given in Tables 2.1 and 2.2 
were calculated relative to the reactant using the relationship 
5 _.P/Pr 
A/Ar 	 2.1 
where P, Pr were the vapour pressures of product and reactant 
respectively and A,Ar were the areas under their respective peaks 
on the chromatograph. On gas-line I sensitivity factors were 
obtained by repeatedly samplix'ig a mixture of known composition. 
The chromatograph on gas-line IV was calibrated for alkenes 
and aldehydes or ketones in a similar way using the gas-handling 
system but the calibration for alcohols was done by varying the 
saturator temperature and sampling the different vapour pressures 
of alcohol which that provided. In this way linear graphs of 
integrator response against vapour pressure were obtained on 
the attenuation ranges used during catalytic runs and the 
sensitivity factors were calculated from the slopes of those 
graphs. Fig. 2.8 shows a typical calibration graph, for 
3,3-dimethylbutan-2-ol and its dehydration products. 
In the pyrolysis unit a 1 m column of 11% Bentone 34 
and 11% silicone fluid on Chromosorb W at 353 K with a carrier 
gas pressure of 18 kPa was used to separate the. compounds 
collected after pyrolysis. These were benzenes, xylenes, 
ethyl benzene octenes and C 12 compounds. No attempt was 
made to analyse these products quantitatively. 
2.4.2 Mass Spectrometry 
Before every catalytic run where analysis was by mass 
spectrometry a suitable ionising energy for the electron beam 
was found. 
On gas-line III this was always 20 eV and was chosen to 
minimise the formation of ions from residual helium (ionisation 
potential = 21 eV) without incurring any considerable loss of 
intensity. With 20 eV electrons the production of fragment 
ions from each hydrocarbon was extensive and had to be allowed 
for when analysing the mass spectra. In addition it was also 
necessary to measure the sensitivity of the gas chromatograph-
mass spectrometer to each of the components in any reaction 
mixture. This was done immediately after an experiment by 
making up a known mixture of light hydrocarbons and passing 
a sample of that mixture through the apparatus. The sensitivity 
was found using equation 2.1 where in this case A and Ar represented 
the total ion intensity of the respective components. In most cases 
the sensitivity of the instrument was sufficient to allow the 
reaction to be followed by monitoring the parent peak but with 
isobutane there was heavy fragmentation by loss of a methyl group 
and the exchange reaction was followed by the C 3 fragment ion. 
On gas-line II a suitableionising energy of the electron 
beam was found immediately prior to an experiment by allowing 
a sample of reactant into the spectrometer from the second 
reaction vessel keeping the vessel containing the catalyst 
isolated. The ionising energy was varied until the first 
fragmentation factor, that is, loss of one hydrogen from 
the parent molecule, was approximately 0.1 and electrons 
of this energy were used during the catalytic run.. The 
fragmentation pattern was also obtained at this stage. 
Table 2.1 Gas chromatographic analyses 
Reaction 	 Column 	 Column 
	
Carrier 	Retention 	Sensitivity 	Compound 
Description 	Temp. Gas 	Time 	Factor 	Analysed 
1K 
	
Pressure 	1 mm (s) 
/kPa 
1,3-butadiene 	1 m:20% 	 273 
Hydrogenation 2, 5-hexa- 
diene on 
chromosorb 
55.2 	11.5 	 1.0 	but-1-ene 
12.0 1.0 isobutene 
13.5 1.0 trans-but-2-ene 
15.0 1.0 cis-but-2-ene 
19.5 1.0 1,3-butadiene 
Table 2.2 Operating conditions for 2 m 
Pbrapak S column 
ALNE 
Alcohol Column Pressure Alcohol 
Temp/K Carrier Retention Retention Sensitivity Compound 
Gas/kPa Time/mm Time/min Factor (s) Analysed 
Ethanol 1423 11414.8 4.7 1.0 0.66 ethylene 
Propan-l-ol 1453 220.6 3.8 1.0 0.9 propylene 
Propan-2-ol 1433 255.1 14.0 0.9 1.03 propylene 
2-Methyl- 
Propan-l-ol 
1453 220.6 7.0 1.2 2.0 all butenés 
2-Methyl- 1453 213.7 14.5 1.5 1.2 all butenes 
Butan-1-ol 1483 206.8 5.5 1.2 1.07 all butenes 
Butan-2-ol 1450 275.8 6.2 1.5 1.06 all butenes' 
2-Methyl 1473 206.8 6.5 1.9 1.0' 2 methyl but-l-ene 
Butan-2-ol 2.1 1.0 2 methyl but-2-ene 
2,3 Dimethyl 503 206.8 6.0 1.7 : 	1.07 3,3 dimethy]. but-1-ene 
Butan-2-o]. 
3,3 Dimethyl 503 206.8 , 7.0 2.0 0.97 2,3 dimethyl but-l-ene 
Butan-2-ol ' J 2.14 0.97 2,3 dimethyl but-2-ene 
o gas Cflromatograph. 
S amp 1: 
valve 
to G.] 
rcury 
9.flometer 
FIG. 2.2 	Gas-line II: 	static system linked to mass spectrometer 
Pd 
thimble 
reaction 
Pure storag V1 vessel 
2 2 Crude -to mass 
2 Pure spec. 
V 3 	
gauge 	mixing 
lume 
50 
tomass fl 1 Bl 	cones ' 
reaction 
 
u vessel Pd 
thimble 
V 5V4 
nD2 
V3 	 V1 
 
McLeod Gauge 
to liquid N2 diffusion 
pump-rotary pump 
—V2 
to liquid N2 trap diffusion pump-
rotary pump 
to liq. N2 traps diffusion pump 
'rotary pump 
I 	 ' 	 to 11q.. N2 , trap 
1. diffusion pump 
rotary pump 
FIG. 2.3 Gas-ljneflI: static system linked to a gas chromatograph- 
mass spectrometer 
HC 
Pumping system 
pressure 	sample 
D2 	 gauge valve 
1~ oil 	 steel 
capillary 
tubing 
chromatographic 
Helium 
inlet 
total ion 
trace 
 
reaction u.v. chart 
vessel recorder[J} 
molecular 
separator 
J
mass 
spectrometer 
electron 
multiplier 
AbC 
Reducing 	 McLeod 	mercury 
valves Gauge , manometer 
storage bulbs 
gas-handling & 
outgassing pumps 
Flow 	 B 
meters 
L::J Reactor 
water bath 	 furnace 
g.l.c. 
carrier gas 
inlet 
A 
to vent 
to g.l.c. 
FIG. 2.14 Gas-line IV: 	flow system linked to a gas chromatograph 
A A 	
1/16 tt_1/ coupling 
i/i6"/i6" 
Coupling 
• 	 B 
lot, 	 0 	 100 mm 
E 
0,0 
direction
YA
of flow
/16"-i/8" coupling 
'swagelok' 
 
• 	llzmn 	•• 
FIG. 2.5 Reactor for gas-line IV: A, 1/16" steel tubing 
• 	B, glass-metal seal 
glass reaction vessel 
Pyrex-2 sintered disc 
catalyst bed 
asbestos string surrounding the glass vessel 
chrome-alumel thermocouple connected to a 
digital voltmeter. 
g.i. 
s amp 
vaiv,  
(a) VATifl'-1 k'-' vacuum 
FIG. 2.6 Sampling valve arrangement for gas-line IV. 
By-pass position, 	 Reactor position, 
reactor to vacuum vacuum blocked off 
position-1 	 position-2 
(b) VALVE-2 
from 
react 
to 
vent 
g.1.c. 
carrier 
gas inlet 
to 
g.i.c. 
column 
flow through sample loop, 	 flow to.vent,vapour. in 
position-1 	 loop swept through column. 
position-2 
~ M;..~&___"_~" mul MONO d 
An alternative illustration for Gas-line IV! 
E 
EQ 
N2 ' 
FIG. 2.7 Gas- 
'A, 
 
 
E, 
line V: nitrogen pyrolysis unit 
silica tube 
furnace 
'FE 1451 gas chromatograph. 
recorder ' 
flowmeter 
U) 
0 
U) 
a, 
4 10 
0 
a) 
4-, 
a, 1 10  
20 
exel 
0 	 1 	 2 	 3 
P/kPa 
FIG. 2.8 Calibration graphs for a, 3,3-diniethylbutan-2-oi (0); 
and b, 3,3-dimethylbut-1-ene (n); 2,3-dimethylbut71-ene 
(L); 2,3-dimethylbut-2-ene (• ); with "Porapak.:S" 
column on gas-line IV. 
CHAPTER 3 
Treatment of Results 
3.1 	Reactions of Alkynes and Dienes 
3.1.1 	Gas Chromatographic Data 
The experimental data were plotted as percentage composition 
against time to give a general picture of the course of the reaction 
and of the product ratios. Where appropriate these graphs provide 
an estimation of the amount of material lost to the surface of the 
catalyst during the reaction. The loss was measured by comparing 
the area wider the peaks in each sample with the area under the 
reactant peak of the sample taken at zero time. Such measurements 
were less accurate than those for the relative amounts of gaseous 
products in the sample. The loss of material was substantial in 
many cases and initial rates of reaction were calculated from the 
initial gradients of the percentage composition graphs. Activation 
energies were obtained by studying a reaction at several temperatures 
and applying the Arrhenius equation: 
log 
10  r = log 10  A - Ea/2•303 RT 	3.1 
where r/molecules s m and T/K are the rate and temperature of 
the reaction and R/J K mol is the gas constant, A/molecules 
s m the frequency factor and Ea/J mol the activation energy. 
3.1.2 	Mass Spectrometric Data 
3.1.2.1 Introduction 
The data were collected by monitoring over a mass range 
of interest and measuring the height of all peaks in the range. 
These raw data were plotted as a function of time and smooth 
curves were drawn through the experimental points so that an 
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accurate assessment of how the peaks were changing was obtained. 
Since in any scan each peak was recorded at a slightly different 
time graphs of this type had to be used to obtain a measure of the 
relative amounts of each mass at any one particular time. This 
became more important as the rate of reaction increased. A number 
of peak heights at suitable time intervals were then selected and 
subjected to further analysis. 
These peak heights had to be corrected for each of the 
following - background in mass spectrometer; naturally occurring 
isotopes; and fragmentation of the molecules inside the spectrometer. 
	
3.1.2.2 	Background Corrections 
Background-spectra were produced by ionisation of air,. 
water and carbon oxides which were a1wa,rs present in the ion 
chamber and also from hydrocarbon molecules used in previous 
experiments which had adsorbed on the walls of the spectrometer 
and the inlet tube. In the present work for most reactions 
background corrections were found to be negligible because the 
mass ranges of interest did not include air peaks. 
3.1.2.3 	Isotope Corrections  
Isotope corrections were carried out in a systematic 
manner, working from low to high masses, to allow for the 
contribution from 13C and 2H,(D). The ratios 100. 13C/12C and - 
100.D/H are 1.108 and 0.016 respectively. For a hydrocarbon 
CHm of mass M the peak heights at masses M+l, M+2 etc. can be 
calculated relative to peak height, P M , at mass M, from statistical 
considerations. The following relationships are found: 
100 M+1 	- 	
n(1.108) + m(O.016) 
	
3.2 
100 M+2 	 + m(m-1)(0.016) 2 
	
3.3 
PM 2! 	 2! 
Isotopic contributions from 13 C were not affected by the exchange 
process but replacing H by D diminished the contribution from 
naturally occurring D so for any isotopic species CnHm_XDX the 
above values of PM+1'M and M+2 /PM were found by substituting 
(m-x) for m in equations 3.2 and 3.3 
The isotopic contributions from the peak at the lowest 
mass were subtracted from the peaks at one and two mass units 
higher and the corrected peak heights at every mass were used 
to calculate their contribution to higher masses. Usually 
corrections to peaks more than two mass units higher were very 
small and could be neglected. 
3.1.2.14 Fragmentation Corrections 
Fragmentation corrections were necessary because a 
hydrocarbon molecule bombarded by ionising electrons may not only 
lose an electron to form the parent ion at mass M, but also has a 
chance of losing one or more hydrogen atoms producing peaks at 
masses M-1 and M-2 etc. and other fragments may be formed by 
dissociation of carbon-carbon bonds. It was therefore essential 
when examining exchange reactions to take into account the 
contribution by fragmentation of one isotope to those isotopes 
at lower mass numbers. 
A suitable energy for the ionising electrons was 
determined as described in section 2.14.2 and was normally in the 
range 10-20 eV. This represented a compromise between low energy 
electrons which produced less fragmentation and high energy electrons 
which produced high ionisation efficiency (sensitivity). 
The fragmentation patterns of deuterated hydrocarbons 
were calculated on a statistical basis from the fragmentation 
factors of the light hydrocarbon by assuming that H and D were 
lost equally readily. The fragmentation factors, f 1 (that is, 
the chance of losing i hydrogen atoms), were determined from 
the fragmentation pattern of the light hydrocarbon where 
f = height of C 
n rn-i H . peak 1 
height of C H peak n  
Using buta-1,3-diene CH 6  as an example, the chance of losing one 
mass unit from perdeutero-butadiene CD6  is zero and therefore the 
peak at mass 60 makes no contribution to mass 59, but the chance of 
losing two mass units is 6 fj and mass 58 must be corrected for this 
contribution from mass 60. In this way the whole mass range of 
interest was corrected from high to low masses. Table 3.1 shows 
this method using the first two fragmentation factors only. The 
contribution of the heavier isotope to the lighter one was the 
product of the fragmentation .factors and the peak height. 
It should be said that other more exhaustive methods 
exist for fragmentation corrections, some of which were used to 
analyse the reactions of alkanes on rutile (see section 3.2.1.2) 
but in this part of the work only statistical corrections were 
used. A test of any method of fragmentation correction is to 
examine the calculated peak heights of M-1, M-2, etc. after 
all corrections. If the method is working satisfactorily the 
intensity of these peaks should go to zero since they are made 
up entirely of contributions from the fragmentation of higher 
masses. In these reactions the statistical method proved to be 
satisfactory in this respect. 
3.1.2.5 Calculation of Rate Constants 
The rate constant of an exchange reaction was calculated 
from the parameter 4) defined as 33 : 
4) 
= 	
± d. 	 3.4 
where d. represents the percentage of isotopic species containing 
I deuterium atoms. Assuming that all the hydrogen atoms in the 
molecule re equally susceptible to exchange and neglecting the 
influence of isotopic composition of the reaction rate, the course 
of an exchange reaction is given by the first order equation 
dt 	(1 - 
	
3.5 
is a rate constant, equivalent to the number of deuterium atoms 
entering 100 molecules of the hydrocarbon in unit time at the start 
of the reaction, and 4) is the equilibrium value of 4). Integration 
of 3.5 gives 
-log 10 (4)4)) = 2.3034) 	
-log' 
	
Eli 
where 4) is the initial value of 4). Equation 3.5 will not be 
followed if there are groups of hydrogen atoms of differing activity 
in the molecule or if the reaction is being poisoned. 
A second rate constant k was determined from the first 
0 
order equation 
kt 
-log 10 (x-x ) 	
= 	
2.303 (l00-x ) 	
log 	(lOO-x) 	3.7 
- 
where k represents the initial rate of disappearance of light 
hydrocarbon (CH) in percentage per unit time; x is the percentage 
of C n m H present at time t; and 100 and x are the initial and final 
percentages of CnHm• 
A further parameter was then calculated 
M = k/k 3.8 
which represented the mean number of deuterium atoms which entered 
into exchange in the initial stages of the reaction per molecule of 
reactant. If M1 then the reaction was described as stepwise, that 
is one hydrogen was replaced on each visit of a hydrocarbon molecule 
to the surface; if M>l then the exchange was described as multiple, 
that is more than one hydrogen atom was replaced during each visit 
to the surface. 
Values of k, k 
0-  and M were obtained at a series of 
temperatures and the activation energy and frequency factor were 
calculated using the Arrhenius equation. 
3.2 	Reactions of A1knes 
3.2.1 	Exchange Reactions 
3.2.1.1 Introduction 
The experiments with methane were carried out on gas-line 
II and the data were collected and treated in the manner described 
in section 3.1.2. All other experiments with alkanes were carried 
out on the gas chromatograph-mass spectrometer where a slightly 
different procedure was adopted. Due to the partial separation of 
deuterated hydrocarbons in the chromatograph no single mass 
spectrometric scan of a component peak was representative of 
the overall isotopic distribution of that component - those 
scans at the beginning of the peak showing a greater than 
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average concentration of the more deuterated isotopes. To 
determine the average isotopic distribution the mass spectrometric 
peaks at-each m/e value were integrated over the series of scans 
producing an average value foi each ion for that component peak. 
Thereafter the treatment and analysis were similar to that 
described in section 3.1.2 but the method of correcting for 
fragmentation had to be modified because of the character.of 
these reactions. 
3.2.1.2 Fragmentation Corrections 
The statistical method of fragmentation correction proved 
satisfactory if the exchange reaction was slow; uncomplicated by 
secondary reactions; and if the extent of fragmentation was small. 
These conditions did not apply to the reactions of alkanes and an 
improved fragmentation correction method was necessary. 
One method of doing this is to allow for the fact that 
H is often more readily lost than D. A better overall fragmentation 
correction is obtained if a heavy fragmentation factor (that is, loss 
of deuterium atoms) can be obtained for the perdeutero compound. The 
light and heavy fragmentation factors, f and f', can then be used in 
a statistical scheme such as that devised by Gault and Kemball 1 . A 
further improvement can be achieved by allowing for the dependence 
of fragmentation of a C-H or C-D bond- on the nature of other bonds 
35 in the molecule' 6 . An empirical method which incorporated all 
these considerations was devised by Dowie et al 37  and showed that 
typical values of heavy and light fragmentation factors were 
f'If 	.0.65 
In the absence of any perdeuteroalkane to determine f' 
experimentally, the above ratio was used and this improved the 
- 1 3 - 
fragmentation corrections. The effects of other bonds in the molecule 
were also considered but no further improvement was gained. 
3.2.1.3 Determination of Rate Constants 
Rate constants k ana k 
0 
were calculated as described in 4)  
section 3.1.2.5 with one modification. The secondary reactions 
which occurred in these chemical systems produced very highly 
deuterated alkanes at a stage in the process when the primary 
exchange of the alkane had not progressed beyond a d 3-species. 
The presence of these highly deuterated isotopes gave artificially 
high values of 4) and hence k 4) and to obtain an accurate rate of 
alkane exchange, values of 4) were calculated which ignored any 
contribution from these isotopes. 
3.2.2 	Rate of Dehydrogenation of Alkanes 
The rate of dehydrogenation was obtained in two ways: 
firstly by taking the initial gradient from a percentage composition 
against time. graph and secondly by applying the integrated rate 
equation for the general reaction 
A  
k 1 
For this type of reaction a straight line with slope equal to k 1 
should be produced by plotting 
x 	 ax -x(a -x) e o 	o e 
(2a o -X e) 	
log  10 	
a(x -x) 	 k1t/2.303 . 	. 	3•9 
where x and X are the concentrations of X at time t and infinity 
respectively; a0 is the initial value of A; and k1 is the rate 
constant for the forward reaction. 
3.2.3 	Rate of Hydrogenation of Alkenes 
It was possible to estimate a rate for the rehydrogenation 
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of 'alkenes by monitoring the appearance of. highly deuterated species 
in the alkane spectra. The total percentage of alkane present in a 
highly deuterated form was then plotted on a percentage composition 
against time graph and the rate of reaction obtained from the 
gradient of the line. 
3.3 	Reaction of Alcohols 
3.3.1 	Introduction 
The results obtained from studying the decomposition reactions 
of, alcohols were of interest in two ways: as a means of investigating the 
activity of rutile as a catalyst, and as a way of comparing the flow 
system and the static system as experimental techniques. The 
different methods of calculating the rates of reaction from 
data obtained on these systems are described in this section and 
a comparison of the results obtained from each will be given later 
with a discussion of the usefulness of each technique. 
3.3.2 	Static System Data 
The data were initially treated in a similar manner to 
that described in section 3.1.1. It was not found necessary to 
allow for material loss to the surface except in the case of 
2-methyl-propan72-ol and this was done in the manner described 
previously. 
The decomposition reactions of some of the alcohols 
followed zero order kinetics and in those cases the initial rate 
of reaction was found from the gradient of the percentage 
composition against time graph. In other cases the reaction 
followed first order kinetics and the initial rate was obtained 
by plotting log10 (reaction concentration) against time and 
determining the gradient of the line. 
Arrhenius parameters were determined using equation 31. 
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3.3.3 	Flow'System'Data 
Raw data were acquired in the form of a percentage conversion 
of alcohol for any given temperature or flow rate. This was converted 
to a rate of reaction assumingthat there was plug flow through the 
reactor. 
Plug flow 38 is an idealised state of flow such that (1) 
over any cross-section normal to the fluid motion the mass flow. 
rate and .the fluid properties (pressure, temperature and composition) 
are uniform; and (2) there is negligible diffusion relative to the 
bulk flow. 
The effect of the restriction under (1) is that all 
elements of fluid spend an equal time in passing through the 
reactor and pass through the same sequence of pressure, temperature 
and concentration changes. The effect of the restriction under (2) 
is that molecules of reactants and products do not diffuse from one 
such element of fluid to another during the passage of these elements 
through, the reactor. It follows that the reaction occurs to the 
same extent in each element. 
The method of calculation of the performance of the 
reactor is explained with the help of Fig. 31 where the reactor 
is assumed to have no solid catalyst or any sort of packing. 
F 
I . I 
dV I r 
ly 
Iy+dy 
I I 
P Q 
Fig. 3.1 	Volume Element of a Tubular Reactor 
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In Fig. 3.1 P and Q are two planes containing between them 
an infinitesimal part, dVr of the total reactor volume, V • 	F is the 
mass flow rate across either of these planes and y and y+dy are the 
number of moles of a given product per unit flow at planes P and Q 
respectively. In accordance with the plug flow assumption these 
concentrations are uniform over the cross-section as are also the 
reaction rate and the mass flow rate. If r is the reaction rate 
expressed as moles of product per unit time and volume then a mass 
balance equation can be applied to the chosen product species: 
moles in = moles out + moles reacted + changes of moles in element 
F.y F(y+dy) - rdV r + 0 	 3.10 
The reaction term is _rdVr since 3.10 is a mass balance on a product 
species and the last term is zero on the assumption that a steady 
state has been attained. 
Integration of equation 3.10 from inlet to outlet 
conditions gives: 
V =F je 
	
3.11
dy 
Yi 
In a tubular reactor y.., the inlet value of y, is zero. 
If the reactor contains solid catalyst then a similar 
equation can be obtained: 
W = fe F 	d r 	 r0 	 3.12 
where r' is the reaction rate per unit mass of catalyst and W   is the 
total mass of catalyst necessary to bring the existing concentration 
upto a value y e- 
- 	 - 
To make use of equation 3.12 it is necessary to know the 
reaction rate r' in relation to the variable y. In the present 
experiments the percentage conversion of alcohol was kept between 
0 and 15% and within this range there was a linear relationship 
between the percentage conversion and the time spent in the 
reactor by the alcohol molecules. On this basis the alcohol 
decomposition reactions were assumed to be.zero order under the 
chosen experimental conditions, that is 
rt = k 
	
3.13 
where k is the rate constant of the reaction. Substitution into 
equation 3.12 and integration gives 
W = F.y r 	e 
k 
or 	k = F.y 	 3.14 
W r 
Equation 3.1 1 gives the rate in terms of mass of alcohol converted 
per unit mass of catalyst. 
In order to compare results from this system with those 
on the static system it was necessary to express the rate in molecules 
of alcohol converted per unit time and per unit surface area. This was 
done by replacing W   in equation 3.1 1 by S, the. surface area in m2 , and 
dividing by w, the contact time (that is, the time a molecule took to 
pass through the catalyst bed). The final equation was then 
F.Y 	1 k= 	x 	 3.15 
-w 
A series of reaction rates were obtained at different temperatures and 
Arrhenius parameters calculated using equation 3.1. 
Experiments were also carried out at constant temperature 
while varying the flow rate. This was equivalent to varying the 
contact time, w, since w is inversely proportional to the flow 
rate. The percentage conversion against contact time graphs 
obtained in this from the flow system were equivalent to the 
percentage composition against time graphs from static systems. 
The periods of time involved in the flow system (being a matter 
of seconds) were much briefer than those in a static system where 
a reaction could be followed for minutes or hours. 
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Table 3.1 Statistical weighting factors for fragmentation 
corrections for buta-1,3-diene 
Compound 
C1 D6 
CHD5 
CH2D 
C 1 H 3D3 
C14HD2 
CH5D 
CH6 
Mol 
Wt 
60 
59 	*fi 
58 
57 
56 
55 	5 
511.. 
6 
tfl 
i 652 
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+ -6 ' -?f  2 
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2.*. 2 
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CHAPTER 1 
Introduction to the Reactions of Mkynes and Dienes 
Homogeneous gas phase reactions of alkynes and dienes 
are well known and some, for example the Diels-Alder addition 
reactions of buta-1,3-diene39 , have been extensively studied. Similarly 
the oligomerisation of buta-1,3-diene using homogeneous catalysts has 
been investigated by several authors''. However, in comparison to 
the large amount of literature describing the catalytic reactions of 
alkenes and alkanes, relatively little attention has been given to the 
solid catalysed reactions of alkynes and dienes. 
4.1 	Reactions over Metal Oxides 
An infrared study of the isomerisation of alkynes over 
zinc oxide was carried out by Chang and Kokes 42 They found that 
adsorbed alkynes were more strongly held on the surface than the 
corresponding alkenes and, in contrast to alkenes, the alkynes were 
only partially desorbed as such, even after degassing at 573 K. 
Ethyne was found to undergo dissociative adsorption which produced 
a new band in the OH region of the infrared spectrum, at 3550 cm'. 
Dissociative adsorption also occurred with propyne but in this case 
studies with labelled molecules showed that the initial dissociation 
occurred by removal of a proton from the methyl group .and not the 
acetylenic hydrogen. In order to help identify the nature of the 
adsorbed hydrocarbon species, the authors also studied the adsorption 
of propadiene on their catalyst and found that the adsorbed species 
formed from propadiene gave the same infrared spectrum as the species 
formed from propyne. They suggested that the adsorbed species was a 
resonance stabilised proparrl anion: 	 - 
- 
[H2_CECH -- CH2C=CH] 
Further evidence to support this proposal was obtained 
by showing that the isomerisation of propadiene to propyne occurred 
readily on zinc oxide at room temperature, although much of the 
reactant was adsorbed on to the catalyst surface and not recovered. 
The, isomerisation reaction, although easily observed, was found tobe 
an order of magnitude slower than the 1,3-hydrogen shift reaction which 
the authors observed using labelled propyne (CH 3-cc-D). This was in 
contrast to propene where a previous study had shown that the 
1,3-shift occurred at approximately the same rate as the isomerisation 
reaction. To account for these results it was suggested that over zinc 
oxide both double bond isomerisation and propyne isomerisation occurred 
via a 1,3-hydrogen shift in which the active site acted as an acid-base 
pair. The sequence of the proposed reaction is shown schematically in 
Fig. 4.1a for a model X-Y-Z-H molecule and in Fig. 14.1b for the 
propyne-propadiene system. The second step of the sequence in 
Fig. 4.1a represents the surface rearrangement, which is a necessary 
prelude to readdition of hydrogen on a different carbon atom, and may 
involve rotation of the X-Y-Z fragment about an axis perpendicular to 
the surface or migration of the hydrogen atom. The different relative 
rates of the hydrogen shift and isomerisation reactions for propene 
and propyne were thought to result from the different acidities of 
these molecules. 
Tamaru and coworkers 44 studiedthe hydrogenation of some 
unsaturated hydrocarbons, including buta-1,3--diene over zinc oxide. 
The addition of deuterium to buta-1,3-diene occurred readily at room 
temperature; but-1-ene was the main product (>90%) until all the 
1k MIST.RYU 	Y 
buta-1,3-diene had reacted and then butane was produced.from butene. 
Microwave spectroscopy measurements showed that during the hydrogenation 
C 
to butene the sole product was a d 2-butene with the structure: 
H2DC-CHD-CH=CH2 
When a mixture of buta-1,3-diene+H 2+D2 (1:1:1) was introduced to the 
catalyst, the main products were d0-butene and d2-butene while the 
amount of d1-butene was very small and proportional to the amount 
of HD in the gas phase. The H 2-D2 reaction occurred slowly during 
the deuteration reaction but was strongly inhibited by the presence 
of the diene. The reaction between C 4 H and C 1 D6 was also examined; 
no exchange could be detected. It was concluded from these results 
that deuterium and hydrogen participated in the addition process in 
a molecular fashion, probably by interaction between the chemisorbed 
buta-1,3-diene and gas phase deuterium. Evidence to support this 
mechanism was claimed from adsorption measurements which showed that 
the rate of deuteration was determined by the partial pressure of 
deuterium rather than by the amount of chemisorbed deuterium. 
In contrast to the investigation just described where 
buta-1,3-diene was reacted in the presence of gaseous hydrogen or 
45 deuterium, Yates and Wheatley found that butenes could be formed 
from buta-1,3-diene in the absence of gas phase hydrogen, over 
supported cobalt oxide catalysts. At 573 K there was a. strong 
adsorption of diene which was followed 0.5 h later by the 
production of a condensible liquid. Analysis of this liquid 
showed it to be composed of aromatic and alicylic C 8 compounds, 
the most abundant of these being ethylbenzene, xylenes, methyl-
hexadienes and dimethylcyclohexenes. The effluent gas' was also 
analysed and was composed mainly of butenes in the order 
trans-but-2-ene ~~ cis-but--2-ene > but-l-ene 
To explain these results it was proposed that in 
the initial stages of the reaction the diene was adsorbed on to 
the surface and underwent disproportionation to form butenes and a 
hydrocarbon residue, Fig. 14.2. The alkené molecules could then 
desorb or remain on the surface to take part in further reactions 
with other diane molecules. These reactions were a type of Diels- 
Alder combination and led to the formation of adducts which were the 
precursors of the aromatic compounds found in the liquid products, 
Fig. 14.3. Precursors I and II (see Fig. 11.3) were found in the 
greatest quantities over the catalyst which contained the least 
cobalt and it was suggested that cobalt ions were acting as 
dehydrogenation centres, producing the aromatic compounds. 
The authors did not attempt to find out if the 
presence of gaseous hydrogen or deuterium affected these reactions 
nor did they discuss the reactivity of the catalysts in relation 
to poisoning by reactant or products during the reaction. 
11.2 	 Reaction on Metals 
Gault 146 investigated the reactions of alkynes and 
dienes on magnesium and other metal films.in the temperature range 
273.K to 1173 K. She found that on addition of alk-l-ynes, alk-2-ynes 
or 1,2-dienes to a magnesium film with no hydrogen present the gaseous 
reaction.products contained the corresponding alkene(s) and isomers 
of the starting material. Conjugated dienes, such as buta-1,3-diene, 
also underwent selective reduction to the corresponding alkenes;. no 
saturated hydrocarbons were observed. The reactions were characterised 
by an initial strong, rapid adsorption of the starting material; with 
but-l-yne, the most reactive of the C 14H6 isomers, approximately 80% 
of the initial alkyne was not recovered but remained in the adsorbed 
state. When a second dose of reactant was admitted to a film which 
- 7" 
had already been used for this reaction only a very slow rate of 
hydrogenation was observed. These observations, led Gault to suggest 
that the material lost to the surface formed a hydrocarbon polymer. 
Further because the literature gave no evidence that - alkenes could 
be formed from . diene-magnesium compounds and because two of the 
reactants used in the. work (hex-l-yne and penta-1,2-diene) did not 
form such complexes under similar conditions to those in the literature, 
it was postulated that the self-hydrogenation reaction did not occur on 
the metal but instead resulted from interaction between diene molecules 
and the strongly adsorbed hydrocarbon polymer. The author obtained 
similar results on other metal films (Ca, Al, An, Zn, Fe, Ni, Co, Pt 
and Pd). This list of metals includes some which are not catalytically 
active in hydrogenation reactions - either self-hydrogenation or 
hydrogenation involving gaseous hydrogen - of alkenes but all exhibited 
similar behaviour towards alkynes and dienes. This was claimed as 
further evidence that the self-hydrogenation of dienes and alkynes 
did not depend on an - intrinsic property of any given metal but on 
the formation of the surface polymer on which the self-hydrogenation 
occurred. 
It should be noted however that all the organomagnesium 
studies quoted in this paper were liquid phase reactions carried out 
at temperatures below 338 K while the gas phase catalytic studies used 
temperatures up to 1473 K. It is possible that at these higher 
temperatures magnesium complexes could be formed and subsequently 
decompose to give alkenes, leaving a highly unsaturated surface 
residue. 
Wells and coworkers have carried out an extensive 
study of the hydrogenation of buta-1,3-diene in the temperature 
range 273 K to 523 K over Group VIII metals, either supported on 
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• 	'r,8 '9 	 50 alumina 	' or in the form of wires and films . In contrast to 
Gault's work the reaction was found to follow the general sequence of 
reaction steps: 
adsorption of one or both reactants 
reversible formation of one or more half-
hydrogenated states 
reaction of the half-hydrogenated state to give 
the product 	- 
The detailed reaction scheme proposed is shown in Fig. 114 Results 
with supported metals were similar to those obtained with the same 
metals in the form of wires and, with palladium, as a film. All 
three butenes were formed initially - but-l-ene by 1,2-addition of 
hydrogen and cis and trans-but-2-enes by 1, 14-addition of hydrogen. 
The possibility of isomerisation of the butenes before desorption 
was ruled out in investigations using deuterium as a tracer 48j49  
n-Butane was also an initial product of the reaction over all 
catalysts except palladium. Relative strengths of adsorption 
were found to be in the order 
diene > butene > hydrogen > n-butane 
indicating that the surface coverage of diene was high relative to 
hydrogen. 
The deuterium tracer studies provided definite evidence 
that gas phase hydrogen or deuterium became incorporated into the 
butenes but it also showed that butenes containing no deuterium were 
produced in fairly large quantities: for Co on -A1 203 "light" butene 
(CH8 ) decreased from 70% of the initial products to 30% of the 
products later in the reaction. Two processes were observed in 
these experiments - deuteration of the diene to alkene and an 
exchange reaction between deuterium and the diene - and it was 
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proposed that the exchange reaction provided the source of hydrogen 
atoms for the formation of CH 8 .. Over all the catalysts the 
proportion of butene present as CH 8 decreased as the reaction 
proceeded; the authors accounted for this by proposing that 
there was an initial period in the reaction when the distribution 
of cheinisorbed species on the surface was not random and did not 
reflect the composition of the gas phase. During this period it 
was suggested that sites where exchange of buta-1,3-diene with 
deuterium occurred became hydrogen enriched compared to other parts 
of the surface and that subsequent formation of alkene on these sites 
produced butene with a low deuterium content. As the reaction proceeded 
the distribution of chemisorbed H and D became random and the .deuterium 
content of the alkenes increased. 
The conclusions reached by Gault and by Wells are 
difficult to reconcile when the two investigations are considered 
separately: however by considering them together a more complete 
picture of the diene/ hydrogen/ metal system is obtained. The two 
studies complement each other - Gault did not investigate the effect 
of gaseous hydrogen on the diene or alkyne reactions while Wells 
studied the reaction only when hydrogen was present. In view of 
Gault t s results, the initial period of the hydrogenation reaction 
may be unrepresentative not, as Wells suggests, because the diene 
exchange reaction produces hydrogen enriched areas on the surface but 
because of a fast, strong adsorption of diene as a result of which 
self-hydrogenation occurs and produces light butene, C 14H 8 . This 
view agrees with the results obtained by both Gault and Wells and 
also with the relative strengths of adsorption reported by Wells. 
Later in the reaction deuterium becomes incorporated into the 
alkene products in agreement with the known ability of Group VIII 
metals to activate hydrogen, for example for the hydrogen-deuterium 
exchange reaction51 . Wells also reported the distribution of deuterium 
in the diene and the alkenes at various stages in the reaction. His 
figures show that on average the alkene products contained only one 
deuterium atom more than the diene molecules from which they were 
formed. If each deuteration always occurs by addition of D then 
the products should contain two deuterium atoms more than the 
reactant while if self-hydrogenation is the only reaction the 
deuterium content of the products should approximate to that of 
the reactant. The experimental value suggests that, under the 
conditions used by Wells, self-hydrogenation of deuterated diene 
molecules occurs throughout the course of the reaction but is 
accompanied by hydrogenation involving addition of gaseous hydrogen 
or. deuterium. 
14.3 	 The Purpose of the Present Investigation 
The activity of rutile has been extensively examined 
with respect to the reactions of alkenes 24 , 25 	 13 , clkylbenzenes and 
ketones2 and it is considered that an investigation of more highly 
unsaturated molecules - alkynes and dienes - is a natural continuation 
of the previous work and one which will help the development of ideas 
concerning the nature of the catalytic properties of rutile. 
It is evident from the papers reviewed in this 
chapter that on different catalysts alk3rnes and dienes, in particular 
buta-1,3--diene, can react in very different ways. Those investigations . 
on metal oxides will probably be of most relevance when considering 
reactions on rutile but one point which is clear from all the papers 
is that a thorough investigation must include experiments carried 
out in the absence of hydrogen as well as those where hydrogen or 
deuterium is present. Deuterium will be an important tool in 
deciding whether the hydrogenation reaction involves incorporation 
of gaseous deuterium; whether it is a self-hydrogenation reaction; 
or whether it is a combination -of the two. 
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CHAPTER 5 
The Reactions of Alkynes and Dienes over Rutile 
The catalytic properties of rutile have been examined 
for a number of reactions involving aikynes (ethyne, propyne and 
but-2-yne) or dienes (propadiene and buta-1,3-diene) with hydrogen, 
deuterium or deuterium oxide. Preliminary experiments showed that 
reaction of these unsaturated molecules with the oxide surface 
occurred over a wide temperature range and led to removal of a 
substantial fraction of the gaseous material. Consequently, the 
extent of this loss of material had to be examined during the 
catalytic studies. The exchange of some of the hydrocarbons with 
deuterium or deuterium oxide, and the effect of deuterium on the 
hydrogenation reactions were studied in order to obtain more 
information about the nature and reactivity of the catalytic 
intermediates. 
	
5.1. 	 Reactions of But-1,3-diene 
5.1.1 	 Hydrogenation 
The results of experiments with buta-1,3-diene are 
most conveniently recorded as the initial rates of loss of reactant 
and the initial rates of formation of products. Table 5.1 gives these 
results for experiments carried out under a variety of conditions. 
Mixtures of buta-1,3-diene and hydrogen, in the 
ratio 1:2, reacted over rutile in the temperature range 1453 K to 
523 K. The reaction observed was a selective hydrogenation which 
produced but-1-ene, cis-but-2-ene and trans-but-2-ene; no n-butane 
was detected. At higher temperatures there was a loss of material 
Table 5.1 	Initial rates of reaction of buta-1,3--diene over rutile 
initial rates of formation or loss (rate/lb molecule m2 1) 
total 	material 	 cis-but- 	trans-but- 
reactants 	T/K 	butenes loss but-l-ene 	2-ene 2-ene 
butadiene+2Jj 2 1453 0.38 2.8 0.13 0.23 0.02 
butadiene+2}12 1473 0.75 14.3 0.25 o.141 0.09 
butadjene+2112 1493 2.06 6.0 0.52 1.12 0.142 
butadiene+2H2 523 14.57 6.1 1.114 1.614 1.79 
butadiene+21j2 523a 114.o 17.6 3.2 6.1 14.7 
butadiene+2H2 523. 0.0314 2.7 0.06 0.02 0.00 14 
butadiene+2H2 523c 0.014 373 0.01 0.01 0.02 
butadiene 1473d 0.147 1.5 - - - 
butadiene 523 3.55 3.7 0.97 1.58 1.0 
butadiene 523e 17.5 27.5 8.8 5.3 3.14 
butadiene+3H20 523d 1.07 1.0 - - - 
butadiene+3H20 573d 5.14 5,14 - - - 
a This experiment was carried out on 1 g of CL/D 1477, all others were on 1 g of CL/D 1412; 
b catalyst pretreated. with C2H5OH; c catalyst pretreated with HCl; •d experiments using mass 
spectrometric apparatus; e  the dose of butadiene was 14.7x10 2° instead of the normal 0.6x10 molecules. 
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from the gas phase to the catalyst surface which amounted to 50% of 
the initial dose of reactant. The material loss, calculated as 
described in Section 3.1.1, was also apparent at the low temperatures 
studied but was not so substantial. Profiles of the hydrogenation 
reaction at 1453 K and 523 Kare shown in Fig. 5.1a and 5.1b. Most 
of the experiments were carried out with an initial dose of 0.6x10 2° 
molecules of diene per gram of catalyst and under these conditions 
the initial distribution of butenes was 
cis-but-2--ene > but-l-ene > transbut-2-ene 
As the reaction temperature was increased the production of trans-
but-2-ene became relatively more important until at 523 K the initial 
product distribution was 
trans-but-2-ene 	cis-but-2-ene > but-l-ene 
At all temperatures studied the rate of formation of butenes was 
less than the rate of material loss. 
A series of experiments was carried out with buta-1,3-
cliene as the sole reactant over rutile. The rate of formation and 
the distribution of butenes were not appreciably lower in these 
experiments than in experiments where gaseous hydrogen was present. 
The relative rate of loss of material and formation of butenes 
varied in a similar manner to that found for the reaction in the 
presence of hydrogen - at 1473 K the rate of loss of diene was faster 
than the rate of formation of butenes but at successively higher 
temperatures this difference was diminished and at 523 K the rates 
were approximatèly the same. Fig. 5.2 shows the reaction at 523 K. 
A second experiment at 1493 K on a used sample of 
catalyst gave a rate of hydrogenation which was slower by a factor 
of 3 than the rate obtained in- the first experiment. A sample which 
had been exposed to buta-1,3-diene at 523 K for 3 h was analysed 
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and found to have a carbon content of 0.8% which corresponded to an 
uptake of some 50% of the hydrocarbon originally admitted to the 
sample. 
These results showed conclusively that buta-1,3-diene 
underwent self-hydrogenation over rutile when no gaseous hydrogen was 
present but could not differentiate between self-hydrogenation and 
hydrogenation involving gaseous hydrogen in the experiments where 
both diene and hydrogen were admitted to the reaction vessel. In 
order to overcome this problem, a series of experiments were carried 
out with buta-1,3-diene and deuterium (in the ratio 1:3) and this 
investigation provided strong confirmatory evidence that the formation 
of butenes occurred predominantly by self-hydrogenation. Deuterated 
butenes have masses in the range 57-64 however in these experiments 
products with masses in the range 57-59 were formed only in very 
small quantities and no products with masses greater than 59 were 
observed. Moreover the main product had a mass of 56, corresponding 
to either d2-butadiene (CH 14D2 ) or light butene (CH 8 ). At 
temperatures of 434 K, 479 K and 501 K, the rate of appearance of 
14 
mass 56 (in units of 10 molecules s m 1 ) was 0.19, 0.87 and 
2.3 respectively which agreed closely with the rates of butene 
formation in gas chromatographic experiments at these temperatures. 
The rates of the three sets of reactions (buta-1,3-diene; buta-1,3-
diene+H2 ; and buta-1,3-diene+D2 ) are compared in Fig. 5.3 on an 
Arrhenius plot. For comparison the results obtained by Brookes 25 
are also shown; these results were however calculated ignoring 
the loss of material to the surface and are therefore over-
estimated. The Arrhenius parameters derived from these plots 
are presented in Table 5.2. 
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Table 5.2 Arrhenius parameters for the reactions 
of buta-1,3-diene 
Reactants butene formation material loss 
Ea  log 10(A Ea log 10(A 
/kJ mole' /molecules /kJ mole /molecules 
-1 	-2 
S-1  -1 	-2 ) s m  
butadiene 80 214.3 37 18.3 
butadiene/H2 62 21.1 314 18.0 
butadiene/D2 66 21.0 214 16.5 
At any given temperature the production of butenes 
from buta-1,3-diene must occur at approximately the same rate 
irrespective of whether the hydrogen is present as H 2 or as D2 . 
It is clear from these experiments that deuterated butenes are not 
formed and therefore the product with mass 56 must be light butene 
and not dideuterobutadiene. 
5.1.2 	Exchange 
In addition to the self-hydrogenation reaction, a slow 
exchange of buta-1,3-diene with deuterium occurred, producing C 14H 5D 
(mass 55), but at 143 24 K the rate of this reaction was only 10 12 
molecules s 1 m 2 which was 10 times slower than the rate of 
production of mass 56 at that temperature. The fact that the 
exchange reaction was so slow compared to the self-hydrogenation 
makes it extremely unlikely that any significant fraction of the 
mass 56 peak was attributable to C 24H24D2 . 	- 
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The reaction of - buta-1,3-diene in the presence of 
deuterium oxide was investigated in the temperature range 1473 K to 
523 K. In - contrast to the butadiene/D 2 system, the main reaction 
was exchange of the diene with deuterium to produce d1-butadiene, 
C 14H5D (see Fig. 5.14a). The rates of reaction are summarised by the 
Arrhenius equation 
log10 (r/molecules s m 2 ) = 23.5 - 14OxlO3 K/8.31 T (5.') 
and shown on an Arrhenius plot in Fig. 5. 14b. The major peak in the 
butene range of masses was mass 56 showing that self-hydrogenation 
was again the chief source of butene. Small amounts of butene 
molecules with from one to three deuterium atoms were also formed. 
At 523 K, the initial rate of formation of the compound with mass 
56 was O.89xlO molecules s 1 m 2 which agreed satisfactorily with 
the rate of butene formation for the corresponding experiment in the 
presence of H 2 0 (see Table 5.1). 
5.1.3 	Effects of Hydrogen Chloride, Ethanol and Water 
Having shown that the main reaction of buta-1,3-diene 
over rutile was a self-hydrogenation involving loss of material to 
the surface an attempt was made to obtain more information about the 
nature of the reaction mechanism by carrying out experiments over 
samples of catalyst which had been modified in different ways. 
One sample was pretreated with hydrogen chloride 
-1 
(O.6xlO molecules g ) at 523 K and subsequently used in a reaction 
with buta-1,3-diene and hydrogen at the same temperature. The most 
significant feature of this reaction was the extremely rapid loss of 
material - about 180 times faster than a similar reaction over 
untreated rutile (see Table 5.1). Fig. 5.5 shows the course of the 
reaction and it is clear that loss of material occurs to the exclusion 
07 - 
of any other reaction since almost all the initial dose was adsorbed 
on to the surface and only very small amounts of butene were formed. 
Another sample of rutile was pretreated with ethanol vapour 
(O.6xi020 molecules g). 	At 523 K the rate of material loss was 
decreased, but only by a factor of 2, while the rate of formation 
of butenes was decreased by a factor of 50. In addition, of the 
small amount of butenes which were formed,the main product was 
but-l-ene which was formed 3 times as fast as cisbut-2-ene and 
15 times as fast as trans-but--2-ene. During this reaction an 
additional product, later identified as ethene, was formed at a 
14 
rate of 2.2xlO molecules s  m 2 - a comparable rate to that of 
material loss during the experiment, see Table 5.1. 
The effect of water on the self-hydrogenation reaction 
was also investigated and the results are given in Table 5.1. In this 
case the rates of butene formation and material loss were decreased by 
factors of4.5 and 6 respectively. 
5.1. 14 
	
Variation of the Initial DOse of Reactant 
An experiment was carried out at 523.K using eight 
times the normal dose of reactant (see Table 5.1) and in this case the 
initial distribution-of butenes differed from previous experiments in 
that but-1-ene was the major product; the three butenes were formed in 
the order 
but-l-ene > cis-but-2-ene > transbut-2-ene 
When additional experiments using different initial doses of reactant 
were carried out it was found that the initial ratio of but-l-ene: 
but-2-ene increased linearly with increasing initial dose. Fig. 5.6 
shows this relationship with initial dose expressed as molecules u1 2 
of catalyst. There was no correlation between cis and trans-but-2-
ene over the same range of initial quantities of reactant. 
LS1' 
5.2 	 :Reaction of Propadiene 
52.1 	Isomêriation 
The isomerisation ofropadiene to propyne was followed 
at temperatures in the range 323 K to 353-K where loss of material to 
the surface was a minor reaction accounting for less than 20% of the 
initial dose of reactant, see Table.5.3. As the reaction temperature 
was increased, material loss became relatively more important and 
even at 353 K was sufficient to poison the isomerisation reaction. 
Fig. 5.7a shows the isomerisation at 323 K; the reaction stopped 
after 50% of the initial propadiene had reacted although an 
equilibrium mixture of propadiene and propyne at this temperature 
contains 90% propyne. 
As the temperature was increased above 353 K loss of 
material, accompanied by the formation of small amounts of propene, 
became the main reaction, see Fig. 5.7b. Isomerisation also 
occurred at these higher temperatures but was difficult to follow 
because the propyne which was formed reacted rapidly with the 
surface. In an experiment at 473 K a mixture of propadiene and 
hydrogen in the ratio 1:2 was reacted. The rate of formation of 
propene in this experiment was comparable with that when no hydrogen 
was present. The activation energy for hydrogenation of propadiene 
was 44 kJ mole-1 . 
An experiment was carried out with a sample of 
rutile which had been outgassed at 1 23 K and the rate of 
isomerisation in this case agreed closely with the rate over 
a sample outgassed at the normal temperature of 123 K. (see 
Table 5.3). 
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Table 5.3 Initial rates of reaction of propadiene 
Temp rate of isomerisation 	Temp rate i 1015 molecules s 	m 2 
/K /10 	molecules s in 	/K material loss hydrogenation 
323 3.1 1423 1.9 0.03 
338 314 	(33a) 1473 16.0 0.01 
353 14.6 573 95.0 0.20 
573 109 0.58 
a catalyst outgassed at 1423 K. 
5.2.2 	Exchange 
A number of experiments were carried out with propadiene 
in the presence of deuterium oxide. Preliminary experiments on gas-line 
I showed that in the presence of water the isomerisation reaction was 
substantially inhibited and did not occur to any appreciable extent 
below 1473 K where a rate of only 0.9x10 molecules s in was 
obtained; loss of material to the surface was also inhibited under 
these conditions. Exchange of propadiene with deuterium oxide did 
not occur at measurable rates below 1473 K, and above this temperature 
the reaction system was difficult to analyse by mass spectrometry alone 
because exchange was accompanied by isomerisation, loss of material and 
some self-hydrogenation. Consequently the gas chromatograph-mass 
spectrometer was used to follow these processes. The course of the 
reaction at 573 K is'shown in Fig. 5.8 and the results obtained were 
as follows: 
(i) Exchange of propadiene took place at an initial' 
15 	 -1 -2  rate of 9.9xlO molecules s in . The isotopic distribution of 
propadiene throughout the experiment conformed to the binomial 
distribution expected for four equivalent exchangeable hydrogen 
atoms, see Table 5.14. 
Table 5.1 Isotopic distribution of propadi.ene 
in the presence of D20 at 513 K 
d0 d, d2 d3 d14 4) 
experimental 95.51 4.46 0.0 0.0 0.o1 1.6o 
calculated 95.5 14. 140 0.1 0.0 0.0 
experimental 62.39 31.05 5.05 1.51 0.0 145.68 
calculated 61.60 31.71 6.10 0.50 0.0 
experimental 39.314 142.35 15.149 2.13 0.69 118.95 
calculated 39.70 141.35 16.10 2.80 0.23 
the initial rate of isomerisation to propyne was 
15 	 -2 .9xl0 molecules s-1  m and the initial isotopic composition of 
the propene was 6% d0 , 56% d1 and '38% d2 . Fig. 5.9 shows the variation 
of mean deuterium content of propadiene and propyne; the isomerisation 
reaction produced propyne molecules with at least one deuterium atom 
more than the propadiene molecules from which they were formed. The 
mean deuterium content of propyne increased throughout the reaction 
as a consequence of isomerisation of exchanged propadiene molecules 
but ap peam to have undergone more exchange than was predicted from 
the average deuterium content of the propadiene assuming that only 
one deuterium atom was gained in the course of the isomerisation. 
After 12 minutes the amount of propyne present had increased to 
about 15% of the propadiene admitted initially but it subsequently 
decreased due to reaction with the catalyst. 
the initial rate of loss of propadiene was 
15 	 -1 -2 6xlO molecules s -1 	and 99% of the combined propadiene and 
propyne had reacted with the surface after 50 minutes. 
the remaining 1% of the hydrocarbon was converted 
114 	 -1 -2 -to propene at an initial rate of about 2xlO molecules s m 
Accurate analysis of the isotopic composition of this small' amount 
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of propene was not possible but the main species were d 0 and 
J 
d2-propene as expected on the basis of self-hydrogenation of 
deuterated propadiene and propyne. 
5.3 	S Ra.ctioris ' of Propyne 
5.3.1 	IsO2nrisation 
The initial rates of isomerisation of propyne to 
propadiene are given in Table 5.5. In contrast to propadiene, 
material loss was the main reaction at all temperatures studied; 
Fig. 5.10a shows the reaction at 353 K. When the temperature 
was increased above about 1400 K any propadiene formed by 
isomerisation rapidly reacted with the surface and at 1473 K 
all the initial dose of reactant was lost to the surface after 
50 minutes, see Fig. 5.10b. 
Table 5.5 Initial rates of reaction of propyne 
Temperature 	 Rate I 1015  molecules s m 
	
1K 	Isomerisation Self-hydrogenation Material loss 
353 	 0.214 	 - 	 1.98 
378 	 0.145 	 - 	 6.140 
1473 	 0.1414 	 0.007 	 67.8 
The rate of loss of propyne molecules to the surface was 
faster than the corresponding process with propadiene, for example at 
1473 K the rates of loss were 67.8 and 16.0x1015 molecules s 1 m 2 
respectively. In contrast the rate of self-hydrogenation of propyne 
to propene was a slower reaction than the formation of propene from 
propadiene. 
- (0 - 
5.3.2 	Exchange 
A number of experiments were carried out with propyne 
in the presence of deuterium oxide. A rapid exchange reaction was 
- 	 114 
observed with rates of 0.8, 3.9 and 27.3 in units of 10 molecules 
-2 at temperatures of 323 K, 3148 K and 378K respectively. These 
correspond to the Arrhenius equation 
log 10(r/molecules s m 2 ) = 214.1 - 65x10 3 K/8.31 T 
	
5.2 
This exchange reaction was however limited to one hydrogen atom per 
molecule of propyne. The experimental isotopic distributions at 378 K 
are compared to those expected for a stepwise exchange of four 
equivalent hydrogen atoms in Table 5.6 and the course of the 
reaction at 378 K is shown in Fig. 5.11. 
Table 5.6 Comparison of experimental isotopic distributions 
with the calculated binomial distribution for propyne 
in the presence of D20 at 378 K 
a0 d1 d2 d3 d14 
experimental 80.9 18.6 0.5 0.0 0.0 19.8 
calculated 81.6 17.0 1.3 0.0 0.0 
experimental 65.8 33.5 0.6 0.0 0.0 35.0 
calculated 69.3 26.6 3.8 0.2 0.0 
experimental 4 7.5 51.9 0.6 0.1 0.0 53.14 
calculated 56.14 314.7 8.0 0.8 0.0 
Isornerisation to propadiene was inhibited by the presence 
of water and did not occur at measurable rates below 1473 K. This was 
also the temperature at which the remaining hydrogen atoms of propyne 
r_I_ 
were exchanged however it was not possible to follow this reaction 
accurately because of the rapid loss of material which also occurred 
at this temperature. 
5.14 	Hydrogenat ioxi :of Ethyrie and :But...2_e 
The main reaction of both these alkynes was loss of 
material to the surface of the catalyst and only minor amounts of 
gaseous products were formed. 
Fig. 5.12 shows a typical reaction of ethyne and hydrogen 
in the ratio 1:2 at 578 K, where 98% of the initial dose of a.lkyne 
reacted with the surface and the remainder was converted to ethene, 
ethane and methane in the ratio 14:1:1. Prolonged heating at 623 K 
of a sample of catalyst which had been used in this reaction caused 
more of these compounds to desorb but only 14% of the initial alkyne 
was recovered in this way. 
Fig. 5.13 shows the reaction of but-2-yne and hydrogen 
(in the ratio 1:2) at 623 K where butenes were formed together with 
small amounts of four other unidentified products; in this 
experiment 85% of the alkyne reacted with the surface and only 
15% was converted to gaseous products. No significant difference 
in the rates of formation of gaseous products were observed in 
experiments where no hydrogen was present. 
5.5 	Investigation of the Surface Residue fo rmed during 
Reactions of Alkynes and Dienes 
The results discussed above show clearly that some 
type of hydrocarbon residue remains on the surface of the catalyst 
after a reaction involving either an alkyne or a diene. In an 
attempt to identify the nature of this surface residue more 
exactly, samples of rutile which had been in use in a self-
hydrogenation reaction were subjected to closer scrutiny using 
the pyrolysi unit (gas-line v) described in Section 2.2.5. 
Samples of rutile which had been used to catalyse the 
self-hydrogenation of buta-1,3-dien6 were pyrolysed at successively 
higher temperatures in the range 423 K to 993 K. A pyrogram taken 
at 593 K is shown in Fig. 	C, C3 and C2 compounds were not 
separated chromatographically and their composite peak was observed 
throughout the temperature range. The C compounds were most 
probably adsorbed butenes and unreacted butadiene while C 3 and 
C2 compounds were probably formed by cracking of the residue. C 8 
compounds were also observed: ethylbenzene and xylenes were 
desorbed in greatest quantities between 1123 K and 700 K but 
persisted up to 783 K; octenes and dimethylcyclohexenes were 
observed between 513 K and 833 K. In addition to these compounds, 
small amounts of toluene, benzene, butyne and an unidentified long-
chain compound, possibly a C12 , were produced. 
Pyrolysis experiments were also carried out with 
rutile samples which had been used in the reaction of but-2-yne. 
The 'results were similar to those described above but there was 
less indication that aromatic compounds were formed, only very 
small peaks corresponding to ethylbenzene and xylene appeared 
in the program. Several unidentified compounds were observed 
which had long retention times on the column (io mm. and 15 mm.) 
suggesting a long carbon,chain, perhaps C12 or even C16 . Octenes 
were observed in the products indicating that some dimerisation 
occurred. As in the butadiene treated samples, C ) compounds were 
observed and at 623 K and above C2 and C3 compounds were detected. 
Further information about the nature of the surface 
residue was obtained using temperature programmed desorption and 
analysing the vapour above the sample by mass spectrometry. Peaks 
were observed at masses 50-56, corresponding to butene or butadiene 
I.) 
molecules and their fragments, and at masses 106, 92 and 78, 
corresponding to ethylbenzenè, toluené and benzenè, thus confirming 
the pyrolysis experiments. 
'5.6 	: : Discusion 
Loss of material from the gas phase is the main 
reaction which occurs with alkynes' and dienès'on rutile above about 
400 K. the reaction being more rapid and extensive with alkynes than 
with dienes. This rapid, strong adsorption is in agreement with the 
studies described in Chapter 4 on zinc oxide 2, cobalt oxide and 
metal films 6 . The pyrolysis study of used rutile samples provides 
direct evidence for the formation of the hydrocarbon residue on the 
surface and suggests that oligomerisation of the reactant contributes 
at least in part to the formation of the residue. The aromatic 
compounds observed in this study are, not dimers of buta-1,3-diene 
but can be formed by dehydrogenation of these dimers, suggesting that 
the loss of material observed wi'th all the alkynes and dienes may he 'an 
essential part of the overall self-hydrogenation reaction. 
The mechanism of the oligomerisation reaction must be 
complex involving several steps but 'some idea of the nature of the 
interaction with rutile may be obtained' by considering those experiments 
where the catalyst was pretreated with various reagents. Pretreatment 
of rutile with hydrogen chloride produces an acidic surface' T which is 
likely to enhance processes occurring on acidic sites. Such pretreatment 
has been reported 25  to increase the rate of but-l-ene isomerisation over 
this catalyst. It therefore seems reasonable to associate the substantial 
acceleration of material loss noted here with a process involving the 
formation of carbonium ions on acidic sites with consequent oligomerisation 
of the unsaturated molecules. There is support for this view from the 
reactions of isobutene on rutile where a loss of material from the ga's 
phase, accompanied by some dimerisation to a C 6 alkene, was observed 
r'f 
at 440 K52 . It was found that in a second experiment with isobutene 
on a used sample of catalyst the rate of reaction was decreased by a 
factor of three. These results are in very good agreement with the 
results described here for buta-1,3-diene and suggest that similar 
process is occurring in both systems. Both isobutene and buta-1,3-
diene can form stable carbonium ions - a tertiary butyl carbonium 
ion and a secondary carbonium ion resonance stabilised through the 
double bond, respectively - and both are known to polymerise readily 
by mechanisms involving carbonium ions 53 . Other alkenes such as 
propene and n-butene which form less stable carbonium ions are not 
strongly adsorbed on to the surface in this way. There is evidence 
from infrared studies 17  that on HC1 pretreated rutile surface 
species exist which act as Bronsted acid sites in the presence 
of adsorbed ammonia or pyridine (see Chapter 1, Fig. 1.6) and it 
is likely that these sites are responsible for the increased loss 
of butadiene from the gas phase. HOwever samples of rutile outgassed 
19,514 
at 723 K with no HCl treatment show no Bronsted activity 	and on 
these samples it is proposed that loss of material occurs on 
exposed Ti + ions which act as Lewis acid sites in a similar 
25 18,19 manner to that proposed in other catalytic and adsorption 
studies. 
Support for this view is found in the effects on 
the buta-1,3-diene reaction of pretreatment with ethanol. Jackson 
and Parfitt 11 reported that ethanol adsorption on a dehydroxylated 
surface resulted in the formation, from oxygen bridges, of hydroxyl 
14+ groups and ethoxide groups (attached to Ti ions) with the latter 
being stable up to 1473 K but decomposing rapidly to ethene at 
573 K. The ethanol pretreatment used here would presumably have 
produced a similar surface with a hydroxyl group population 
I-, 
corresponding to that of a surface outgassed at 523 K and should 
therefore have inhibited oligomerisation occurring on T1' ions. 
A decrease in the rate of material loss by a factor of 2.5 is 
observed under these conditions, but of more importance is the 
observation that the rate of material loss agrees closely with the 
rate of production of ethene, that is the rate of decomposition of 
ethoxide groups, and strongly suggests that the same catalytic site 
(i.e. Ti 	ions) is involved in both reactions. The inhibiting effect 
of water is also explained since Ti + ions become hydroxylated during 
16 
the readsorption of water . The results show that ethanol is a more 
efficient inhibitor than water and support other work 15 on rutile which 
show2,d'that ethanol was more strongly adsorbed on the surface than water. 
The experiments without added hydrogen and the results 
of mass spectrometric experiments establish that formation of alkenes 
from alkynes and dienes is a process of self-hydrogenation and not, as 
21t25 supposed previously ' , a genuine catalytic hydrogenation. The 
production of alkenes only occurs under conditions which lead to a 
loss of reactant to the surface and it is the formation of a surface 
residue which provides the hydrogen atoms for transfer to a fraction 
of the reactant molecules. Yates and Wheatley 45 suggested that adducts 
of buta-1,3-diene and butene were formed on the' surface of their 
catalysts and subsequently underwent dehydrogenation. The surface 
residue studies suggest that a similar mechanism may be taking place 
on rutile: a Diels-Alder addition of two diene molecules, followed by 
a secondary dehydrogenation process. Under such a scheme, the rate of 
formation of alkene would depend on the rate of the dehydrogenation 
step and not on the rate of the initial oligomerisation reaction. 
The results show that, at any given temperature, alkené fOrmation 
is a slower reaction than material loss perhaps because the 
MUM 
dehydrogenation step requires more activation than the initial Diels-
Alder addition reaction. Of the alkynes and dienes used in this 
study buta-1,3-diene is the most efficient in respect to self-
hydrogenation and thismay be because of the relative ease with 
which this molecule can undergo Diels-Alder type reactions and 
subsequent dehydrogenation39 ' 55 . 
Gault 6 has suggested that the formation of alkenes 
occurs not on the catalyst surface but on the polymeric hydroèarbon 
residue formed during the initial adsorption of alkyne or diene, 
however there are several reasons why this does not seem likely, 
some of which have already been discussed in Section 4.2. If, on 
rutile, the surface residue was all that was necessary for self-
hydrogenation to take place then on an HC1 pretréated sample one 
would expect an accelerated rate of reaction for both material 
loss and formation of alkenes and not as is found a greatly 
increased rate of loss but very little alkene formation. Even 
when second and third doses of buta-1,3-diene are admitted to 
such a sample very little hydrogenation takes place although by 
this stage the rate of material loss has decreased and unreacted 
butadiene is present in the gas phase. This suggests that, while 
the formation and possibly further dehydrogenation of the hydrocarbon 
residue is a necessary precursor to the formation of alkenes in that 
it serves as a source of hydrogen atoms, active surface sites are 
involved in the hydrogen transfer reaction. Under conditions where 
the material loss is extensive the surface residue may render these 
sites inaccessible to incoming reactant molecules and thus inhibit the 
formation of alkene. This explains why subsequent reactions on the same 
sample, whether an HC1 treated sample or a standard sample, proceed at 
slower rates. 
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In common with many other catalytic reactions it is 
not possible. in this case to provide irrefutable identification of 
the active sites for the formation of alkenes by self-hydrogenation 
but it is possible to exclude those sites which do not explain the 
experimental data. The overall self-hydrogenation reaction requires 
C 
both loss of material and transfer of hythogen atoms to occur in order 
to form alkene molecules; these reactions are unlikely to occur on the 
same type of active site for two reasons: 
the mode of adsorption of reactant is such that 
some molecules gain hydrogen and some lose hydrogen. It is unlikely 
that adsorption on to the same type of surface site could result in 
such divergent actions. 
pretreatment of the catalyst surface in different 
ways has very different effects on the two parts of the overall self-
hydrogenation. The effect of HC1 has already been discussed; ethanol 
has only a small effect on the rate of material lost but substantially 
inhibits the formation of alkene; and pretreatment of water inhibits 
both reactions to the same extent. 
d 
The hydrogen chloride treatment reported here provides good evidence 
14+ • 
for supposing that Ti ions acting as a Lewis acid are the active 
sites in the loss of material to the surface and these can therefore be 
excluded from further discussion concerning the active site in the 
formation of alkene. 
Surface hydroxyl groups could provide catalytically 
active sites however only a small hydroxyl group population is 
anticipated 	an outgassing temperature of 723 K (used in the 
present study) and Brookes 25 found no detectable hydroxyl groups 
on the present catalyst under such conditions. The Cl content of 
the catalyst samples would facilitate removal of OH groups, as HC1, 
at lower temperatures 17 . It is therefore unlikely that surface 
hydroxyl groups are the active species in the formation of alkene. 
The inhibiting effect of water and ethanol, both of which produce 
a hydroxylated surface, supports this view. 
Ti ions are known to be formed on rutile surfaces 
during outgassing at elevated temperatures 56 and will be present 
after the outgassing treatment used in the present study. However 
the subsequent oxygen treatment, which is standard practice in this 
work, is considered to be sufficient to reoxidise the surface back 
to a stoichemetric (Ti02 ) form. During the oxygen treatment the 
catalyst changes from a slate-blue colour back to the original 
white colour of the rutile powder before any outgassing treatment. 
The reaction of buta-1,3-diene was investigated over samples of 
rutile which had not been oxygen treated and no significant 
difference in either the rate of reaction or the product 
distribution was observed. For these reasons, Ti 3+ ions can 
also be discounted when considering the active sites for the 
formation of alkenes. 
4 
None of the above arguments for excluding Ti , 
3+. 
Ti ions and OH groups as possible active sites apply to surface 
oxide ions. If the overall self-hydrogenation - loss of material 
and formation of alkene - involves the interaction of reactant 
molecules with Ti + and 0 ions then it is reasonable to assume 
that these ions can act as an acid-base pair in a similar manner 
to the proposed action of metal-oxygen ion pairs in the isàmerisation 
of propylene and propyne over zinc oxide and in the reactions of 
alcohols over alumina57 and other oxide catalysts 8 . The proposed 
12 11, modes of dissociative adsorption of water 9, 11,12 ethanol 20 and 
propan-2-o115 assume the interaction of Ti and 0 2_  ions as an 
acid-base pair and a recent report 23 of the' - reaction of propan-2-ol 
over rutile proposes that Ti-O surface pairs are the active sites in 
dehydration. Self-hydrogenation on an acid-base pair satisfies the 
point raised earlier concerning the different behaviour of reactant 
molecules after adsorption and it is possible on this basis to 
explain qualitatively the inhibiting effects of water and ethanol. 
The readsorption of water molecules on a 
dehydroxylated surface is known to occur mainly by dissociation of 
15,16 water molecules on to Ti-O surface pairs 	. Water does not poison 
the self-hydrogenation completely but it affects both parts of the 
overall reaction to the same extent and this is in agreement with 
the suggestion that Ti-O pairs are involved in the reaction. 
The adsorption of ethanol also inhibits both reactions 
but in this case material loss is less affected than alkene formation 
because some Ti ions can be regenerated by decomposition of the 
ethoxide group to ethylene while to regenerate the Ti-O pair requires 
that the dissociated alcohol molecules be displaced from the surface. 
The decrease in the rate of formation of alkene is greater than that 
observed with water. This is probably because ethanol is more 
difficult to displace from the surface than water 15 but may be 
due in part to the remaining ethoxide groups making any surface 
oxide ions which are present less accessible to approaching reactant 
molecules. This point will be discussed further when considering 
alkene distribution patterns in the self-hydrogenation of buta-1,3-diene. 
( 
It is easier to envisage a hydrogen transfer from diene 
or alkyne molecules to adjacent molecules than to propose a transfer 
reaction involving migration of hydrogen atoms across the surface 
and for this reason the Ti + and 02 ions have been referred to as 
a Ti-O surface pair. However the possibility of migration of 
-bo- 
hydrogen atoms across the surface cannot be excluded. 
The discussion up to this stage has been of a general 
nature and can be applied, with minor modifications, to any of the 
alkynes and dienes used in this study. The rates of formation of 
gaseous products from the various reactants are shown in Fig. 5.15. 
The d.ienes studied show a broadly similar pattern of behaviour as 
do the three alkynes, however the latter are generally less active 
than the dienes. The main conclusions reached concerning self-
hydrogenation reactions can be summarised as follows: 
The overall self-hydrogenation reaction is in two parts - 
loss of material and subsequent formation of alkene by 
hydrogen transfer. 
Loss of material is the major reaction and is a 
necessary precursor to any formation of alkene 
in that the surface residue provides the 
source of hydrogen atoms. Ti + ions are 
thought to be the surface sites where loss 
of material occurs. 
Alkene formation can only occur under conditions 
where a surface residue has been formed and where 
Ti-O surface pairs are accessible to the reactant 
molecules. This reaction is thought to be centred 
on the 0 ion of the Ti-O pair. 
The remaining discussion is concerned with details of the hydrogenation 
of individual compounds and with their exchange reactions. 
The realisation that the formation of butene from 
buta-1,3-diene is entirely a self-hydrogenation process explains 
certain conflicting aspects of previous work on rutile. Studies 13 
with various alkenes had shown that these molecules were not hydrogenated 
below 630 K and this was in agreement with H 2/D2 exchange studies13 ' 25 
which showed that temperatures of above 523 K were required in order 
to activate hydrogen on rutile. However early studies with buta-1,3- 
2lt 	 . 25 diene by Shannon and Brookes and their interpretation of these 
studies contradicted the previous pattern of hydrogenation reactions 
by proposing that hydrogenation of the diene could occur at temperatures 
below that required to activate hydrogen. It is now clear that the 
formation of alkenes from butadiene does not require any activation 
of gaseous hydrogen at all. On the contrary, this inability of 
rutile to readily activate hydrogen probably accounts for the 
fact that very little gaseous hydrogen is incorporated into the 
alkenes during the hydrogen transfer. No information is available 
on the ability of the cobalt oxide catalysts (used by Yates and 
Wheatley) to activate hydrogen but it is of interest to note 
that zinc oxide and Group VIII metals which do incorporate gas 
5O 
phase hydrogen in the alkenes formed from butadiene 
42, also 
catalyse the H 2 /D2 exchange reaction at very much lower 
temperatures than the butadiene hydrogenation 51,59. 
The ratio of but-1-ene:but-2-ene formed from the 
self hydrogenation of butadiene can be correlated, as shown in 
Fig. 5.6, with the ratio of the number of reactant molecules to 
the surface area of catalyst available. The relationship is 
such that steric considerations favour 1,2-addition when the 
surface is crowded. This correlation explains the discrepancies 
24  
in previous investigations; Shannon et al used a high ratio of 
reactant to surface area and found but-l-ene as the major product 
but Brookes 25 obtained more cis-but-2-ene using 1ow ratios of 
- 	 - 
reactant to surface area. It has been suggested earlier in this 
discussion that the presence of surface ethoxide groups also has 
a sterically hindering effect on incoming reactant molecules and when 
the product ratios under these conditions are examined they support this 
suggestion: at 523 K on a standard rutile sample the but -l-ene:but-2-ene 
ratio is 0.33 while on an ethanol pretreated sample at the same 
temperature and using the same initial dose of reactant the ratio 
is 2.5. 
In the presence of deuterium oxide the exchange 
reaction of buta-1,3--diene is about 10 times faster at 523 K 
than the processes of material loss and butene formation (Fig. 
5. 1 a) and it is interesting that the latter reaction is still 
self-hydrogenation with no incorporation of deuterium atoms from 
the deuterium oxide into the butenes. Deuterated butenes are 
formed in small amounts but are to be expected since the - butadiene 
is itself undergoing exchange. The deuterium oxide is certainly 
dissociatively adsorbed on the surface under these conditions and 
this is further evidence that hydroxyl, or in this case deuteroxyl, 
groups play no part in the self-hydrogenation reaction. 
The isomerisation reaction of 'propadiene to propyne 
can clearly take place in a reversible fashion on rutile below 
400 K at which temperatures removal of gas phase reactant by 
interaction with the surface is still a minor reaction. The 
ratio of the rates of the forward and reverse reactions 
correspond to a value of 19 for the equilibrium constant, K = 
(propyne)/(propaajene); this' is in reasonable agreement with' 
the literature value 0 of 13. The rate of isomerisation of 
propadiene on a catalyst outgassed at only 423 K is the same 
as the rate on a catalyst outgassed at' the normal' temperature 
of 723K. The same behaviour has been noted for the isomerisation of 
but-1-ene25 and it has beeji suggested that removal of a water molecule 
from a Ti ion is sufficient to give an active site and that no 
drastic dehydroxylation of the surface is necessary. The loss of 
gas phase propadiene although a minor reaction does interfere 
with the isomerisation which stops befOre the equilibrium mixture 
of propyne and propadiene is attained (see Fig. 5.7a, 5.10a). The 
complete poisoning of the propadiene isoinerisation at 323 K suggests 
that the loss of material - whether of the original propadiene or 
of propyne produced by isomerisation - is not merely making the 
isomerisation sites less accessible by covering up parts of the 
surface but is actually occurring irreversibly on the same sites. 
On a dehydroxylated surface the mechanism of isomerisation is 
likely to involve dissociative adsorption on a Ti-O surface pair 
and it is suggested that the first step is a type of concerted 
reaction in which the incoming molecule becomes bonded to the 
Ti + ion and in doing so loses a hydrogen which then forms a 
hydroxyl group with the o2_  ion. Fig. 5.16 shows a schematic 
representation of the mechanism. Only one mode of adsorption 
has been shown but it is possible that a second mode occurs 
in which the formation of the bond to titanium and the loss 
of the hydrogen atom occur at the same end of the molecule. 
This would result in the formation of 
	
CH2 C=CH-"--H 	 C112=C=CH 
and 	 H 
Ti 
—6 
Ti—O 
(Ib) 	 (lib) 
04 
Both of the intermediates, ha and lib, can desorb to form propyne. 
On a surface outgassed at 1123 K, Ti ions exposed by desorption of 
molecular water will be present but may not be adjacent to o2_ ions 
and under these circumstances It is suggested that the initial 
adsorption involves nucleophilic attack on a Ti ion to produce 
a carbonium ion which will subsequently lose a proton to form 
either ha or hib: 
	
CH2=CCH2 	c 	 CH2=-CH2-Ti (IC) 
CH2=-CH2-Ti 	 CH2=C=CH-Ti + CH=-CH 2 --Ti 
The intermediates shown in Fig. 5.16 have been represented as neutral 
species however it is likely that even on a dehydroxylated surface 
the initial adsorption begins on the Ti + half of the ion pair and that 
Ia and lb will develop a partially positive charge. 
The decrease in the rate of isomerisation in the 
presence of water or deuterium oxide occurs because the diene 
molecules have to compete for Ti-O sites. It is interesting that 
the exchange of propadiene with deuterium oxide is not observed 
below 1423 K, the same temperature at which the isomerisation 
reaction in the presence of D 
2  0 occurs. The rate of isomerisation 
of propadiene is similar to its rate of exchange and also to the 
rate of exchange of the methyl group hydrogens in propyne. This 
suggests that all three reactions, i.e. isomerisation and the two 
exchange reactions, proceed via a common intermediate and this view 
is supported by the fact that most propyne molecules formed by 
isomerisation of propadiene in the presence of deuterium oxide 
have acquired one or more deuterium atoms (see Fig. 5.9). The 
reaction scheme for propadiene isomerisation can now be extended 
to include possible exchange reactions, see Fig. 5.16. This 
.. 
mechanism fits the experimental data in that it allows all four 
hydrogen atoms of propadiene to be exchanged equally readily and, 
where there is an excess of deuterium, one deuterium atom will be 
incorporated into each propy -ne molecule formed by isomerisation. 
The relative rates of isomerisation and exchange of propadiene 
show.that steps (2) and (5) occur at approximately the same rate. 
Step (5) will always incorporate deuterium into the methyl group 
of the propyne molecule and monodeuterated propyne molecules will 
havethe structure CH2D-CECH (iii). Propyne molecules with a 
deuterium atom in the terminal position adjacent to the triple 
bond can only be formed from deuterated propadiene molecules 
which happen to readsorb with the appropriate orientation, i.e. 
as Ti-CH 2-C=-CD(lie) or Ti-CD=C=CH2 (lid). Desorption of these 
intermediates by step (5) will involve the incorporation of a 
second deuterium atom producing a structure CH 2D-CECD (Iv). 
However because the hydrogen atoms in propadiene are equivalent, 
dideuteropropyne molecules are twice as likely to have the structure 
CHD2-CCH (v) than structure (Iv). In the present study there was no 
means of distinguishing terminal and methyl group hydrogen and soit 
was not possible to confirm these predictions. 
The mean deuterium content of propyne at zero time 
obtained by extrapolation corresponds to one deuterium atom per 
molecule, in agreement with the proposed reaction scheme, but at 
other than zero time the deuterium content of propyne exceeded 
that of propadiene by more than one deuterium atom, indicating 
that exchange of propyne was occurring other than by isomerisation. 
This could result from repeated adsorption-desorption by steps (5) 
and (6) which would incorporate more deuterium into the methyl group. 
It could also result from exchange by a completely different mechanism 
- 86 - 
and there is evidence that such a mechanism exists. Experiments with 
propyne and deuterium at temperatures about 378 K revealed a reaction 
which led to the exchange of only one hydrogen; this must be the 
hydrogen atom attached to the triple bond and probably involves the 
formation of a complex, Ti-C=C-CH 3 (vi). 
It is interesting at this stage to compare the reactions 
of propadiene and propyne over rutile with their reactions over zinc 
oxide. The model for the propadiene-propyne system proposed by 
Chang and Kokes 
142 
 is essentially similar to that proposed here for 
rutile - the main feature( being isomerisation by a 1,3-hydrogen 
shift on an acid-base pair active site. However Chang and Kokes 
stress the importance of the basic part of the active site (i.e. 
o2_ ion) and consider that the first step is loss of a proton 
and formation of a propargyl anion intermediate. On rutile 
the reaction also occurs on a metal-oxygen paired site but the 
emphasis is placed on the action of the acid part of that site 
(i.e. Ti ion) as the more important part, and as a result of 
this the intermediate has a partially positive charge. 
The exchange of buta-1,3-diene is a factor of 10 
slower than the exchange of propadiene at 513 K. By analogy 
with propadiene it could involve the reversible formation of 
an intermediate such as Ti-CH=CH-CH=CH 2 (VII). 
The results with ethyne and but-2-yne fit into the 
overall pattern of self-hydrogenation but do not provide any 
further information about the reaction. No exchange experiments 
were carried out with these molecules but, ont1i basis ofthe 
reaction schemes developed for propy -ne, one would predict a rapid 
exchange of the two hydrogens of ethyne with deuterium oxide at 
1' 
temperatures similar to the exchange of the terminal hydrogen, attached 
to the triple bond, of propyne. Exchange of but-2-yne which does not 
have any hydrogens attached to the triple bond should only occur 
at temperature about 1 23 K by a similar mechanism to that proposed 
for the exchange of the methyl hydrogens of propyne. 
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CHAPTER 6 
Introduction to the Reactions of Alcohols 
6.1 
	
:Eljrnjiation Reaction'Mechanisms 
The formation of an alkene from an alcohol requires the 
elimination of the hydroxyl group and a proton. Commonly .a proton is 
lost from one of two bonded carbon atoms and the hydroxyl group is 
lost from the other: 
—C —C = C - 
I 	
1a 	
II. 	
a 
	
H H OH H 
I -r 
+ H 2 0 	6.1 
This is called a s-elimination. There are several mechanisms by which 
the elements of water can be lost: 
a) 	 El eliminations 
This mechanism was first proposed in 1937 by Hughes and 
Ingold61. The first step is rate-determining and involves ionisation 
of the substrate by loss of a hydroxyl ion: 
C 	 C 	 C 
I -OH 	I -H 
C---C--C 	 C= C---C 
	
W. 
OH 
The rate of elimination depends only on the concentration of the 
substrate. This type of mechanism is expected where the substrate 
can yield a relatively stable carbonium ion, for example if the 
a-carbon is tertiary or if an a-phenyl or a-vinyl group is present. 
S . 
b) 	 E2 eliminations 
A large number of organic elimination reactions exhibit 
second order rate laws; first order each in substrate and in base. E2 
eliminations follow these kinetics and consist of a one step, or 
Itconcertedtt mechanism where the base removes the -hydrogen at the 
same time as the - leaving group departs from the a-carbon, i.e.: 
I 	I  
B..f-j--C —_ C  
H OH 
+ 	.1 	I - 
BH + —C=C a — + OH 	6.3 
This mechanism has been established for many organic eliminations 62 
C) 	 Ecb eliminations 
A third mode of elimination.exists which like E2 depends 
on the presence of a base. It is a two stage process where the base 
removes the s-hydrogen to form a carbanion which, after a significant 
length of time, loses the leaving group to form the alkene. 
I I 	__ + 	 II __  
'11 ja -~ 	 BH-. 
+ 	COH 	
' 1—C= C— +OH 
No direct evidence has been obtained from liquid phase homogeneous studies 
for this mechanism even when substrates especially structured to provide 
63 a stable carbanion were used 
d) 	 y-eliminations 
It is possible to lose the elements of watrby losing a 
y-hydrogen instead of a 0-hydrogen. This could happen by any of the 
three mechanisms discussed above but would entail an intramolecular 
shift in addition to the loss of a proton and a hydroxyl group. 
- 91 - 
R 
B: H -c —C —C  
II 	
a 
R 
I. 	I. 	I. - 
Bil + —C=C -  —C — + OH cx 
The probability of a y-elimination occurring depends on the structure 
of the substrate and can be increased by anchirneric assistance from 
other groups in the molecule. This happens when neighbouring groups 
become bonded (fully or partially) to the reaction centre for an interval 
of time during the progress of the reaction. 
In their early papers on elimination reactions, Hughes and 
Ingo1d61 suggested that there could be a continuous range of mechanisms 
between the unimolecular and bimolecular extremes of El and Ecb. This can 
be envisaged as differences in the transition state of an E2 elimination 
according to the bond changes which make the more progress initially. 
The following Newman projections illustrate the type of transition 
states which are envisaged for (1) an El-like reaction in which the 
transition has a partially positive charge; (ii) a fully synchronous, 
and therefore electrically neutral, E2 mechanism; and (iii) an Ecb-like 
reaction in which the, transition state has a partially negative charge. 
B 	 I B 	
B 
	
H 	 H 
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All three types represent reactions which are still concerted in the 
sense that one bond fission cannot proceed without the other. Knozinger 65 
recognized that the description of the transition state in a catalytic 
E2 elimination had to be considered according to the bond changes which 
made most progress initially and suggested that the transition state 
structure could change from E2-like - to El-like with increasing reaction 
temperature. In a later publicat3.on 66 he found that activation energies 
for the dehydration of alcohols were greatest for primary alcohols and 
decreased from primary to secondary to tertiary alcohols. This was 
explained in terms of the positive charge on the ce-carbon atom and 
the degree of preformation of the double bond in the E2 transition 
state. 
6.2 	 Reaction Mechanisms proposed for the 'Catalytic 
Decomposition of Alcohols 
6.2.1 	Dehydration 
In the early development of the science, or as some. 67  
would have it, the art of catalysis many laboratory studies were 
concerned with dehydration. It is not certain who first observed 
a catalytic dehydration reaction but in 1797 in one of the very early 
studies, Bondt, Diemann, van Troostwyk and Lauwerenburg were reported 68 
to have formed ethene by passing ethanol or diethyl .ether over various 
heated oxides, including titanium dioxide. An early realisation of 
the economic significance and potential of catalytic dehydration came 
with a series of papers by ipatierr6 commencing in 1902 when he 
proposed the use of alumina as a general method of obtaining alkenes 
from alcohols. However much of this incentive to study dehydration 
catalysis disappeared when large quantities of ethene and other 
unsaturated hydrocarbons became available from petroleum. Only 
7-) 
Only a comparatively few large-scale industrial processes involving 
alcohols persisted, for example the Lebeder synthesis of 
buta-1,3-diene 70 . 
Many of the earlier studies were concerned with the 
decomposition of ethanol to ethene and diethyl ether and there was 
71 , 77- 
much controversy over possible reaction schemes and over which scheme 
in particular was operative. A consecutive mechanism was favoured by 
early workers73 but parallel and simultaneous mechanisms were also 
able to explain the experimental results: 
ethanol 	ether 	ethene 
ether 
ethanol 	ethene 
ether 
ethanol z± •ethene 
CONSECUTIVE 	 6.6 
PARALLEL 	 6.7 
SIMULTANEOUS 	6.8 
A clear-cut decision between these alternatives was not readily obtained 
714 
and in 1932 Whitmore introduced the concept of carboniuni ion formation 
and suggested that the dehydration equilibrium should be written as: 
C 2 H 
5 
 .0. C2H 5 
J +C 2 	-H 
 -H -OH  C2H 5OH 	 C2H5 C2H 14 	6.ç 
In this scheme the "simultaneous" mechanism was no more than a reflection 
of the identity of adsorbed ethanol and ether and the reversibility of all 
reactions concerned in the overall catalysis. Later work 75  supported these 
proposals and, in a scheme similar to that proposed for homogeneous 
catalysis,Bremner 6 suggested that the adsorbed carbonium ion was 
formed by means of an oxonium ion (the conjugate acid) which resulted 
	
- 	 - 9L- 
from the donation of a proton by the catalyst to the alcohol molecule: 
ROH + H ______ ROH 	-'- 	+ H 0 	 6.10 (a) ' 	 2(a) 	(a) 	2 (g) 
Spectroscopic and poisoning studies have provided a 
useful approach to the problem of alkene and ether formation during 
dehydration. Knozinger, Buhl and Ross 77  found that during the 
dehydration of a series of alcohols over y A1 203 the .selectivity 
with respect to ether formation was a function of the thermal 
stability of the respective surface alkoxides; thus alcohols which 
formed ethers also formed surface alkoxides (detected by infrared 
spectroscopy) while alkene-formirig alcohols gave no infrared evidence 
for the presence of alkoxide species. Other workers 8 however 
suggested that in the reaction of ethanol over alumina the formation 
of ethene occurred by decomposition of an ethoxide group on the surface 
while ether formation occurred by a recombination reaction of the 
ethoxide: 
EtOH 	 EtO, (a).+ H a). 	(a) 
EtO 
(a) 	(a) 
+ H 	- C2H14 + 1120 	 6.11 
2EtO(a), ± 2H (a)C2H5.O.C2H5 + 1120 
A study of ether and alkene formation over alumina by 
Jain and Pillai 79  indicated that the two reactions required different 
types of active sites since certain reagents like phenol, when added 
in small quantities, caused a large increase in the rate of alkene 
formation and a large decrease in the rate of ether formation; other 
reagents, like pyridine, caused a decrease in the rate of both reactions. 
These results led the authors to propose that alkenes were formed from 
alcohol molecules adsorbed on acidic sites whereas ethers were formed 
- 95- 
from two molecules of alcohol, one adsorbed, on an acidic site and 
one on a basic site. Pines 
0  found that over a reduced nickel oxide 
catalyst the reactivity of secondary alcohols towards ether formation 
was appreciably less than that of primary alcohols at similar 
conditions and that as the alcohol became more bulky the extent 
of ether formation decreased. 
Manassen and Pines 57  have drawn attention to the fact 
that although the question of selectivity in ether formation is an 
interesting one, it is relevant to only a few of the simpler alcohols 
and that the central problem in catalytic dehydration lies in 
determining the mechanisms of alkene formation. To this end, 
Pines and coworkers have carried out an exhaustive study into 
the dehydrating activity of alumina. This has covered the reactions 
81,82 	 81,83 	 83 
of primary 	, secondary 	and tertiary aliphatic and aromatic 
81 81 alcohols; cyclic alcohols ; and diols . Pines concluded from these 
studies that carbonium ions were the most likely intermediates in the 
dehydration of tertiary alcohols (that is, an El elimination) and that 
they were formed by donation of a proton to the alcohol molecule from 
a Bronsted acid site on the surface of the alumina Fig. 6.1a. For 
secondary and primary alcohols it was suggested that a concerted 
reaction (that is, an E2 elimination) occurred in which both acid 
and base sites on the alumina participated, Fig. 6.1b. Evidence for 
these views was obtained by considering the alkenes and the alkene 
distributions which were produced in the dehydration reactions. 
The work also provided evidence for the participation. 
of neighbouring groups such as hydrogen, methyl, phenyl and hydroxyl 
during the reaction. An excellent example of this was a methyl 
82 
group migration in the dehydration of 2-methyl-propan-l-ol 
.7'-, 
leading to the formation of unbranched butenes (see Fig. 6.2). In a 
study of sterically hindered alcohols 57 Pines showed that dehydration 
occurred by a trans-elimination and suggested subinicroscopicai pores 
in the alumina played an important role in dehydration over alumina. 
Trans-elimination required the alcohol to assume an anti-periplanar 
conformation which it was suggested could occur most easily if the 
acid and base sites necessary for the concerted reaction were located 
on opposite sides of the pore, Fig. 6.3. 
This comprehensive study by Pines and coworkers has 
shown the value of investigating a wide range of alcohols as a 
means of determining the dehydration mechanisms occurring on one 
particular catalyst. 
6.2.2 	Dehydrogenation 
A general picture of metal oxide activity towards alcohol 
dehydrogenation was obtained by Krylov 8 who computed the following 
activity series by assigning a statistical weight to the published 
results for the dehydrogenation of propan-2-ol: 
NiO>Cu20>ZnO>CuO = MnO>Fe20 3 
In general the activity series for dehydration followed the reverse order to 
that of dehydrogenation. Mars 86 suggested that oxides with large (soft) 
cations were selective for alcohol dehydrogenation as opposed to 
dehydration, and the relative accessibility of the surface cations has 
been considered 87,88 to play an important role in determining the 
dehydrogenation selectivity. Niiyama and Echigoya 89. studied dehydration 
and dehydrogenation over acid-base bifunctional catalysts and concluded 
that dehydration took place on acid sites while dehydrogenation occurred 
on basic sites. 
- 91 
Kibby and Hall90  described the dehydrogenation of alcohols 
over hydroxyapatite catalysts and proposed.a mechanism whereby the 
alcohol molecule adsorbed on a.calcium ion as an alkoxide species 
and then lost the a-hydrogen atom to an adjacent calcium ion (see 
Fig. 6.4). Loss of the a-hydrogen atom produced a calcium hydride 
species on the surface which then reacted with a proton to form 
hydrogen gas. It was suggested that a suitable proton might be 
provided by an incoming alcohol molecule adsorbing as an alkoxide 
species. A similar mechanism has been proposed for the dehydrogenation 
of formic acid on zinc oxide91 . 
Alcohol dehydrogenation reactions are sometimes discussed 
in relation to hydrogen transfer reactions and several studies 90 ' 92 ' 93 
have reported catalysts which were active in both dehydrogenation and 
hydrogen transfer. A study of a series of hydroxyapatite catalysts 90 
showed that those with the highest selectivity for dehydrogenation 
were also the most active for hydrogen transfer from alcohols to 
ketones. 
6.3 	 The Use of Linear Free-Energy Relationships in the 
Study of Catalytic Dehydration Reactions 
Correlations of rates or equilibrium quantities and 
structural parameters of substrates are well-established in the 
physical organic chemistry of homogeneous 	 94,95  and are 
known as linear free-energy relationships. Under suitable conditions 
these correlations may also be applicable to reactions of organic 
compounds on solid catalysts. 
About 40 years ago, Hammett 96 empirically found that 
relative rates or equilibrium constants of meta- and para-substituted 
benzene derivatives could be correlated by the equation: 
log 	= pa 	 6.12 relative 
where p is a proportionality fator characterising the reaction and 
a is a constant characterising a substituent in the meta or para 
position. The values of a constants were derived from dissociation 
constants of substituted benzoic acids for which the value of p was 
taken as unity. Later Taft97 proposed a similar equation for 
correlating the reactivity of aliphatic compounds: 
* * 
log 	. 	= p 	a relative 6.13 
The reference compounds were an unsubstituted benzene derivative in the 
case of the Hammett equation (i.e. aH:O)  and a methylated derivative in 
the case of the Taft equation (i.e. a11  3=0). 
Other equations of this type, some with four parameters, 
have been derived and used.for descriptions of the effects of structure 
on spectral properties of organic molecules and of the effects of media 
on reaction rates. Several reviews 9 	have been written which 
summarise these equations. 
The original empirical relationships were later theoretically 
justified and limits placed on their applicability 95 . It was shown that 
such equations held only if the change in structure was small because 
the introduction of a substituent which modified the nature of the 
parent compound to a great extent could change the reaction mechanism 
completely. 
Kraus 98 reviewed the applicability of linear free-energy 
relationships to heterogeneous catalysis and pointed out that the 
presence of a solid catalyst introduced further limitations on the 
use of these equations. The simple two-parameter equations of Taft 
and Hammett hold only if the substituents influence the reaction 
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centre by a single interaction, for example where all structural 
effects of substituents are inductive. In heterogeneous catalysis, 
this requires that the catalyst behaves as a constant factor in 
respect to all-reacting compounds of the series.—This is assumed 
whenever these relationships are used in the study of catalytic 
reactions but some authors 99 have pointed out that the interaction 
between a catalyst and a substrate is mutual and that different 
substrates may, after covering a part of the surface, modify the 
overall activity of the solid catalyst to a differing degree. 
Steric requirements have been shown 100-  to be more pronounced in 
heterogeneous reactions than in homogeneous reactions and if 
steric conditions at the reaction centre in the adsorbed state 
* 
influence the rate, then some a constants for bulky constituents 
98 may not be generally acceptable. Kraus drew attention to the 
fact that, for convenience, catalytic studies always use the a* 
values which were calculated by Taft97 for liquid-phase reactions 
at 298 K and that in. some cases these values may be unsuitable for 
heterogeneous catalytic reactions due to the high temperatures 
which are normally required to keep the organic molecule in the 
gas phase at a reasonable partial pressure. 
Most catalytic studies which have used linear free-energy 
relationships have been concerned with a series of homologs with alkyl 
groups of different structure and therefore the Taft equation (6.13) 
has been most frequently used to correlate the experimental data. 
Successful correlations have been obtained for a variety of reactions 
including: hydrogenation of alkanals 101 and alkenes 102 ; dehydrogenation 
of alcohols103 ; hydrogenolysis of alkylbenzenes and isoalkylbenzenes'° 
105 	 -106-ill esterification of alcohols 	; and dehydration of alcohols 
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The first step in the use of linear free-energy relationships 
* 
is to obtain a value of p for one particular catalyst and from its sign 
and magnitude draw conclusions about the reaction mechanism. Because the 
* 
value of p is characteristic of both the reaction and the catalyst, more 
* 
information can be gained by comparing p values of different catalysts 
for the same type of reaction. It.then becomes possible to link two 
related reactions by correlating the results of the second reaction 
* 
using p values obtained from the first reaction. An excellent 
example of this is work done by Kochloefl and coworkers 108 3 
 58 
. The 
dehydration of four secondary alcohols was studied on four different 
catalysts (Si02 ; Ti02 ; Zr02 ; A120 3 ) and p values for each catalyst 
were obtained by plotting the log(rate of dehydration) against Taft 
* 	 * 
a constants (see Fig. 6.5a). The significance of the p values 
was discussed in terms of their relative values - negativeva1ues 
* 
of p had previously been found to indicate a carbonium ion or highly 
ill 
polar mechanism 	and the authors proposed that the more negative 
* 
values of p were caused by a more polar transition state with a 
* 
positive charge on the a-carbon atom. The p values decreased in 
the order 
Si02<Ti02<Zr02 <AJ. 203 
which the authors interpreted as showing a change in reaction mechanism 
from El on S±0 2 to E2 on Al203 . These results were later 
58
used to 
correlate the kinetic isotope effects found in the dehydration of 
deuterio-2-propanols over the same catalysts (see Fig. 6.5b). A 
plot of log(isotopeeffect)-against the p values found in the 
earlier work produced a linear relationship which agreed with their 
previous conclusions about reaction mechanisms. This work also shows 
how linear free-energy relationships can provide a qualitative measure 
- -101- 
of the acid strengths of the sites used in dehydration reactions since 
it is generally accepted that more polar mechanisms require stronger 
acid sites. The rate of dehydration over Ti0 2 was the slowest of the 
* 
four catalysts but the value of p for rutile was the second most 
negative indicating that although Ti0 2 may not have many acid sites 
they are of a fairly high acid strength. 
106 Kibby and Hall 	have obtained linear free-energy 
relationships for the dehydration of a series of fifteen alcohols 
over hydroxyapatite catalysts. Linear relationships were obtained 
* 	 * 
between a values and the rate of reaction and also between a 
values and the activation energy of the reaction. The authors 
suggested the latter relationship indicated that dehydration 
became more dependent on the intrinsic acidity of the catalyst 
as the alcohol molecule itself became less able to ionise. 
A more recent paper by Dautzenberg and Knozinger 110 
discussed the influence of steric and inductive effects on product 
distributions in the dehydration of secondary alcohols. A linear 
relationship was found between the selectivity for the formation 
* 
of alk-l-en'es and alk-2-enes and Taft a constants but not between 
this selectivity and Taft steric constants (E 5 ). This agreed with 
previous results which had shown that the rate determining step of the 
dehydration reaction involved breaking the C e-H bond and that therefore 
selectivity was governed by inductive effects. When the cis-trans 
* 
selectivity was correlated with a constants no linear relationship 
was found but there was such a relationship between the-cis -trans 
selectivity and Taft steric constants. It had previously been 
suggested that the observed cis preference in the formation of 
alk-2-enes resulted from elimination via a synclinal conformation 
of the alcohol. This proposal predicted that steric effects would 
102 
become important as the substituents became larger and the observed 
linear relationship with Taft steric constants Confirmed this 
prediction. 	 - 
In conclusion, linear free-energy-relationships have 
been used: to draw Conclusions about possible reaction mechanisms  
over one particular catalyst; to compare changes in reaction 
mechanism from one catalyst to another; to compare Strengths of 
active sites from one catalyst to another; and to provide a link 
between related reactions on one or several catalysts. 
6.1 	 The Production of Buta-1,3-diene from Ethanol 
The production of buta-1,3-diene was the subject of 
intensive research because of its importance in the preparation of 
synthetic rubbers. Gdanovich 2  passed ethanol over alumina at 
873 K and observed that a little butadiene was produced along 
with ethana.l and ethene. Filippov 3  later showed that diethyl 
ether gave better yields than ethanol. 
Ostromjslenski and Kelbasinskj 	obtained buta-1,3-diene 
by condensing ethanol and ethanaj over pure alumina and this reaction 
was developed into a full-scale industrial process by Lebedev. The 
reaction is complex and a mixeddehydration/dehydrogenation catalyst - 
a mixture of alumina and zinc Oxide - was used 70 at a temperature of 
115 	116 673 K. As described by Gorin 	and Kagan , the Lebedev industrial 
process is made up of the reactions showed in Fig. 6.6. A large part 
of the evidence for this scheme was that the addition of ethanol, aldol, 
or crotonal into the feed ethanol increased the yield of but 
a-1,3-diene 
There was also some evidence that the alcohol acted as a donator of 
hydrogen atoms in the hydrogenation of crotonal to crotyl alcohol. 
A simpler mechanism was proposed by - Quattlebaum,Toussaint and Duns 7 
and is shown in Fig. 6. 1l1 . Ostromislenskj 	claimed thatl,3-butanecjjol 
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and crôtyl alcohol were intermediates under the experimental conditions 
of his. original diene synthesis which suggested that the main reaction 
involved an aldol condensation; followed by hydrogenation to the diol and 
two dehydration steps to give first crotyl alcohol and next buta-1,3--diene, 
118 
(see Fig. 6.8). A simpler mechanism 	which might also be applicable to 
the Ostromislenski synthesis involves the adsorption of the aldehyde 
in its "enol t' form (see Fig. 6.9). 
A more recent study of acid-base bifunctional catalysts 
by Niiyaina and Echigoya 
119
concluded that the formation of buta-1,3-diene 
from ethanol occurred via the mechanism of Gorin and Kagan. In this 
study neither ethanal nor crotonal were converted to buta-1,3--diene if 
they were the sole reagent but buta-1,3-diene was readily produced when 
either of these compounds was fed with enthanol. Butadiene formation 
has also been studied 
120
over silica-magnesia catalysts. The rate-
controlling step was found to be the formation of ethanal on basic 
sites and the subsequent steps in the reaction followed the scheme 
of Gorin and Kagan shown in Fig. 6.6. 
6.5 	 The Purpose of the Present Investigation 
Alcohols have frequently been used in studies of catalytic 
acidity by investigating either a series of catalysts using one alcohol 
or one catalyst. using a series of alcohols. In view of previous work 25 
which has presented a picture of rutile as an acidic catalyst it is 
thought that a study of a series of alcohols over one preparation of 
rutile will provide an important contribution to this aspect of the 
catalytic properties of rutile. 
The major reaction of alcohols over an acidic catalyst 
is dehydration either to the ether or to the alkene. With butanol 
and higher alcohols several different alkenes may be produced during 
- lo 1 - 
the decomposition and the distribution of alkenes can provide useful 
information regarding possible reaction mechanisms. The behaviour of 
rutile as a catalyst in the reactions of alkenes has been exhaustively 
investigated by several workers (see Chapter 1 of this thesis) and 
their results form a useful background to the present investigation. 
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CHAPTER 1 
The Reactions of Alcohols on Rutile 
A preliminary study was carried out on the static system (gas-
line I) with ethanol, propan-l-ol, propan-2-ol, butan-2-ol, 2-methyl--
propan-l-ol and 2-methylpropan-2-ol. The results from these experiments 
were felt to be of sufficient interest to warrant extending.the range of 
alcohols to be studied. Only the six alcohols mentioned above could be 
used on the static system because the mode of operation of this system 
limits the reactants and products which can be studied to those with a 
vapour pressure at room temperature of greater than about 1.6 kPa. The 
practical problems which arise when compounds with less than this 
vapour pressure are used have been mentioned in Section 2.2.4 of this 
thesis. The reactions of the six alcohols listed above were repeated 
on a flow system (gas-line Iv), which is not limited by the room 
temperature vapour pressure of the reactants, and this system was also 
used to study other alcohols. As a result it has been possible to 
compare the two techniques and the types of information which each 
provides. 
The main reaction of alcohols over rutile is dehydration to 
alkene. The decomposition of ethanol and propan-l-ol also produced 
the corresponding ethers and a brief investigation of ether 
decomposition reactions was carried out with diethyl and di-n-propyl 
ethers. Dehydrogenation also occurred but was a minor reaction 
compared to dehydration. The decomposition reactions of ethanol and 
propan-l-ol revealed another aspect of catalysis on rutile when it 
was observed that a coupling reaction occurred giving C).t and C6 
alkenes respectively. 
- lo6 - 
7.1 	Reactions of ethanol and diethylether 
7.1.1 	Ethanol 
The decomposition of ethanol by dehydration and dehydrogenation 
occurred at measurable rates in the temperature range 568 K to 613 K on 
the static system. Table 7.1 shows the initial rates of these reactions. 
The dehydration reaction produced mainly ethylene with smaller 
amounts of diethyl ether. The ether was not observed in the first sample 
but in subsequent samples its concentration increased until most of the 
ethanol had reacted at which stage the ether itself decomosed. Fig. 7.1a 
shows the reaction at 613 K where the production and subsequent decompositio 
of ether are clearly seen. The overall decomposition appeared to be first 
order in ethanol concentration and first order rate plots were found to be 
linear (see Fig. 7.1b). 
Ethanal was the product of the dehydrogenation reaction. Most 
of the aldehyde was formed during the first few minutes of the reaction and 
thereafter itsconcentration remained steady atabout 1% of the total 
gaseous compounds. At the higher temperatures studied the concentration 
of aldehyde decreased slightly as the reaction proceeded. 
A third reaction occurred which produced butene which was 
identified by its retention time on the column and also by passing 
a sample through the gas chromatograph-mass spectrometer and obtaining 
a mass spectrum. •Butene however did not appear in the first sample 
of any reaction, only in subsequent samples. 
Table 7.1 and Fig. 7.1 do not show the production of water 
during these reactions but of course for every molecule of ethylene 
or ether produced a water molecule is also formed. An experiment 
was carried out to test the effect of water on the decomposition 
reaction (see Table 7.1).. The initial presence of water in the 
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TABLE 7.1 Decomposition of Ethanol 
Reactants Temp Rates of 15 formation/10 molecules -1 	-2 s m 
/K ethene diethyletherd butene ethanal 
ethanol 568 0.51 0.37 
035a 
0.39 
ethanol 593 1.51 1.01 0.97& 0.56 
ethanol 613 12.6 195 4 .95
a 
1.39 
ethanol+H20 613b 11.3 1.55 
337a 2.O1 
ethanol + 13c 8.1 5.4 9.6 ethanal 
a Initial rate of butene formation was zero. Rates are given after 5 mm. 
b 
ethanol:water = 1:1. 
C 	 5 ethanol:ethanal = 3:1. Rate of disappearance of ethanal was 16.9xlO 
molecules s m. 
d Initial rate of diethylether formation was zero. Rates are given after 
5 mm. 
reaction vessel was found to decrease the rate of decomposition of ethanol 
and the rate of production of all products apart from ethanal - an increase 
in the rate of production was observed for this component of the reaction 
mixture. 
Because ethanal was produced only in the initial stages of the 
reaction while butene was not an initial product but was formed later in 
the reaction, it was thought that ethanal might be involved in the 
coupling reaction which produced'butene. In order to test this view 
an experiment was carried out at 613 K.with an initial mixture of ethanol 
and ethanal in the ratio 3:1 (see Fig. 7.2 and Table 7.1). The ethanal 
disappeared very quickly to the level which had been observed in previous 
experiments and the amount of butene formed was greater than in previous 
experiments, moreover in this experiment butene was an initial product 
of the reaction. An additional product with a very long retention time 
on the column (22 mins) was also observed. Ethanol in the mixture'-did 
not react immediately and only started to decompose after ".'lO minutes 
had elapsed at which stage the concentrations of ethene and diethyl 
ether started to build up. 
The reactions of ethanol at various temperatures are shown 
on an Arrhenius plot on Fig. 7.19. 
7.1.2 	Diethyl ether 
A brief investigation of the reaction of diethyl ether was 
undertaken in order to compare the rates of this reaction with those 
of the decomposition of ethanol. At 572 K ethylene and butene were 
formed with rates of 0.19 and 0.07xl0 15 molecules s' m 2 respectively 
and at 613 K these rates increased to 5.147 and 2.l9xlO' 5 molecules s 1 m 2 
respectively. Fig. 7.3 shows the reaction ofdiethyl ether at 613 K; 
ethanol was not detected in the initial stage of the reaction but small 
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amounts were observed in subsequent samples; in the latter stages of the 
reaction the concentration of ethanol decreased. Small amounts of 
ethanal ('0.5%) were also observed at 613 K. The overall decomposition 
followed first order kinetics with respect to ether concentration. 
7.2 	:Reactions:of:propanol :and:rj_pro1:ether 
7.2.1 	Propa.n-1-ol 
The decomposition of propan-l-ol was followed on both the 
static system and the flow system. The results obtained on the static 
system are presented in Table 7.2 and will be described first. 
On the static system the decomposition was followed at 
temperatures between 578 K to 615 K and in this range dehydration, 
dehydrogenation and coupling reactions were observed. The overall 
reaction at 593 K is shown in Fig. 7.4a and was similar to that of 
ethanol in that the major dehydration product was alkene and some 
ether formation also occurred although, as with diethyl ether, it 
was not an initial product. The n-propyl ether decomposed in the 
later stages of the reaction. 
Dehydrogenation occurred with the formation of propanal 
and, as with ethanol, all the aldehyde observed appeared to be 
formed in the first few minutes of reaction and thereafter its 
concentration remained steady at 1-2% of the gas phase. At 
higher temperatures the concentration of propanal decreased in 
the later stages of the reaction. 
The coupling reaction gave two products, hexene and benzene, 
which were identified by gas chromatography and by mass spectrometry. 
The hexene was not further analysed to identify which hexene isomer 
was present; it is likely that more than one C
6 H12 isomer is formed. 
Under conditions where propan-1-ol was the only reactant, hexene was 
TABLE 7.2 	Decomposition of Propan-l-ol on the Static System 
Reactants Temp Rates of formation/10 	molecules s 	m 
1K propene n-propyl ethera hexenea benzene  propanal 
propan-l-ol 578 2.19 0.311 0.26 0.11 <0.01 
propan-1-ol 593 2.8 Q • 14 0.72 0.29 0.16 
propan-1-ol 605 5.98 1.79 2.37 1.28 .0.69 	. 
propan-1-ol 615 8.99 1.30 2.63 1.5 : 	1.75 
propan-1-ol+H20 53b 0.90 0.3 <0.01. <0.01 0.6 
a Initial rates of formation were zero. Rates after 5 mins. are given. 
b Propan-1-ol:H20 = 1:1 
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always the major product of the coupling reaction. This coupling 
reaction paralleled that of ethanol in that neither of the C 6 . 
compounds was detected in the first sample. 
The overall decomposition appeared to be poisoned in the 
later stages of the reaction when first order plots began to deviate 
from linearity (see Fig. 7. 14b). This effect was enhanced at higher 
temperatures. 
It was decided to investigate the effect of water on the 
decomposition reaction because water is known to interfere with the 
reactions of organic compounds on rutile and it was of special interest 
in this case being a product of the decomposition. Water decreased the 
rate of dehydration at 593 K by a factor of approximately 2.5 and 
completely poisoned the coupling reaction. The initial rate .of 
dehydrogenation to propanal however was not affected significantly 
by water; the rates given in Table 7.2 for this reaction in fact 
show a slight increase for this reaction.. The most important. 
features of this experiment are best illustrated in Fig. 7.5 - 
with water present it is clear that no coupling reaction occurred 
and that the concentration of propanal increased throughout the 
reaction. This was in complete contrast to the initial burst of 
dehydrogenating activity which was normally found. 
The experiment with propan-l--ol and water showed that 
there was a connection between the coupling reaction and the 
production of propanal and in order to obtain more information 
regarding these two reactions a brief investigation was carried 
out on the reaction of propanal - as a sole reactant and in the 
presence of propan-l-ol. In an experiment with p.ropanal as the 
sole reactant only very small amounts of C 6 compounds were formed 
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1. 
but considerably larger amounts of an unidentified compound were 
produced. This compound had,a very long retention time (22 inins) 
on the column. At 593 K loss of material to the surface was the 
major reaction and the remaining propanal was converted into 
benzene 0.3%), hexene (1-1%) and the unknown compound ('15%). A 
mixture of propan-l-ol and propanal (in the ratio 1:1) was reacted 
at 593 K (see Fig. 7.6). The results of this experiment were 
similar to those obtained with a mixture of ethanol and ethanal 
propanal disappeared very quickly at a rate of 26.6xl015 molecules 
l m 2 while propan-l-oi did not begin to decompose until ".15 mm 
had elapsed when 	its rate of decomposition was 4. lx1O 
molecules s 1  m 2 ; the products of the coupling reaction, hexene 
and benzene, were produced initially at rates of 6.5 and 7.3xl015 
molecules s 1 m 2 respectively; propene and n-propyl ether were 
produced at rates of 2.6 and 2.Ox1015 molecules s m 2 respectively 
but only after "p15 min had elapsed. 
The results of propan-1-ol decomposition on the flow 
system are given in Table 7.3. The reaction was followed in 
a slightly lower temperature range, 564 K to 595 K, and in this 
range the percentage conversion of propan-l-ol to propene varied 
from 2.4% at 564 Kto 11.1% at 595 K. At these conversions, only 
dehydration to propene and dehydrogenation to propanal were 
detected; n-propyl ether, benzene and hexene were not observed. 
The results from the static system and the flow system are 
compared on an Arrhenius plot in Fig. 7.7, where rate/molecules 
1 2 m S 	corresponds to the initial rate of formation of the 
relevant reaction product; Fig. 7.19 gives a comparison of 
propan-l-ol results with the results of the other alcohol 
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TABLE 7.3 Decomposition of Propan-l-ol on the 
Flow System 
Temp 	 Rates of formation/10 molecules s m 
/K 	 propene 	 propanal 
5614 1.91 0.35 
573 2.93 0.148 
581 14.145 0.73 
586 5.69 0.77 
591 7.22 0.97 
595 8.99 1.08 
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decompositions which were carried out on the static system; Fig. 7.22 
gives a comparison of the dehydration of primary alcohols on the flow 
system. 
7.2.2 	ri-Propyl ether 
The decomposition of n-propyl ether was studied on the static 
system in the temperature range 515 K to 571 K. At these temperatures 
only propene and small amounts of propan-l-ol were produced. In contrast 
to the reaction of di-ethyl ether no compounds resulting from coupling 
reactions were detected. The results of these experiments are given in 
Table 7.4 and the. reaction at 571 K is shown in Fig. 7.8. . A comparison 
of the rates of decomposition of propan-l-ol and n-propyl ether are 
presented in Fig. 7.9 along with the rates of decomposition of ethanol 
and diethyl ether. The rate of decomposition of n-propyl ether was first 
order with respect to n-propyl ether concentration (see Fig. 7.8b). 
7.2.3 	Propan-2-ol 
On the static system propan-2-ol decomposition was studied 
in the temperature range 524 K to 553 K. The major reaction was 
dehydration to propene which was accompanied by the formation. of small 
amounts of acetone (see Table 7.5 and Fig. 7.10). The overall 
decomposition reaction followed zero order kinetics. There was no 
indication of any dehydration to isopropyl ether nor of any coupling 
reactions to C6 products. 	. 	 . 
The flow system gave similar results - propene and acetone 
were the only products of the decomposition. Two types of experiments 
were carried out on the flow system: one at constant flow rate varying 
the temperature in the range 1482 K to 519 K and the other at constant 
temperature (512 K) varying the contact time. The results of these 
experiments are given in Table 7.6 and Fig. 7.11. The percentage 
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TABLE 7.4 Decomposition of n-Propyl Ether 
on the Static System 
Temp 	 Rates of formation/10 molecules s in 
1K 	 propene 	 propan-1-ol 
515 0.32 0.01 
537 2.86 0.07 
571 20.5 5.7 
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TABLE 7.5 Decomposition of Propan-2-ol on the 
- 	 Static System 
Temp 	 Rate of formation/1015 	 -1-2 molecules s m 
1K 	 propene 	 acetone 
524 
	
0.80 	 0.214 
5314 	 3.52 	 0.18 
5144 	 11.0 	 0.28 
553 
	
21.7 	 0.70 
- U7 
TABLE 7.6 Decomposition of Propan-2-ol on the 
flov System 
Temp Rate of formation/10 	molecules s 	m 
/K. propene acetone 
182 0.99 0.10 
196 2.0 0.11 
500 .2.20 0.14 
505 3.142 . 	 0.15 
510 14.60. 0.07 
519 . 	 6.814 0.114 
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conversion of propan-2-ol varied linearly' with contact time' indicating 
that the decomposition followed zero order kinetics under the given 
experimental conditions. 
Propan-2-ol was also used to test the stability of the flow 
system over the period of time of a standard experiment. The reaction 
of propan-2-ol at 521 K was 'monitored for approximately four hours 
(see Fig. 7.12). The initial sample, taken 1 mm. after the flow of 
alcohol vapour had been diverted through the reactor 1 showed that 7% 
of the alcohol had been converted to propene and 7% to acetone; all 
subsequent samples showed between 7.2 and 7.8% conversion to propene 
and 0.5% to acetone. The first sample was again different from 
subsequent samples in that the integrator response 'over all the peaks 
in the first sample corresponded to only 70% of the response obtained 
with all other samples, including a blank sample taken through the 
by-pass.. 
Fig. 7.13 shows a comparison' of the results from the static 
and flow systems on an Arrhenius plot. The plot of flow system 
results is itself a measure of the reproducibility of the technique 
in that all the points lie on the same line although the results 
were obtained by changing the temperaturé'in the order 482 K, 519 K, 
196 K, 505 K,.500 K, 510 K, during one experiment. A comparison of 
the propan-2-ol reaction on the static system with the'results of 
other alcohol'decompositions studied on the static system is given 
in Fig. 7.19 and a comparison of secondary alcohol decompositions on 
the' flow system is given in Fig. 7.23. 
7.3 ' 	Reactions of butanôls 
7.3.1 	'Butan-l-ol 
The vapour pressure of butan-l-ol at room temperature was 
too low to allow it to be studied with the static system and all 
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• results described here were obtained with the flow system. The 
decomposition was followed in the temperature range 538 -K to 576 K; 
at low temperatures dehydration to butenes and dehydrogenation to 
butanal occurred to approximately the same extent but dehydration 
became the major reaction at higher temperatures. Table 7.7. gives 
the rates of these reactions; Arrhenius data are presented in 
Fig. 7.22 which also shows the reproducibility of the technique 
with regard to a second experiment being carried out on one 
sample of catalyst which was outgassed and oxygen pretreated 
before each experiment. The rates of.reaction fell-by a factor 
of 0.87 from the first experiment to the second. 
The main product of the dehydration reaction was but-l-ené 
but significant amounts of cis and trans but-2-ene were also formed. 
The product ratios given in Table 7.7 show that but-2-ene production 
became more important as the temperature was increased and this was 
also observed to happen when the contáct.time of the alcohol vapour 
in the reactor was increased (see Fig. 7.14). 
No coupling reactions were observed in any of the experiments 
described in this section. n-Butanehowever was a product of the 
decomposition. 
7. 3.2 	Butan-2-ol 
On the static system, but-2-ol decomposition was followed at 
183 K and 526 K; the rates of reaction and product distributions at 
these temperatures are given in Table 7.8. At both temperatures the 
reaction was zero order in alcohol concentration; dehydration to 
butenes was the major reaction and only traces of the dehydrogenation 
product, methyl ethyl ketone, were observed. These reactions are 
compared to the reactions of other alcohols on the static system 
in Fig. 7.19. 
TABLE 7.7 Decomposition of.Butan-1-ol 
Temp Rates of formation/10 molecules s 1 m2 Ratio 
1K 
total 	. . 
butenes cis- trns- but-l-ene . 	 cis/ butene/ 
+butane 	butanal 	but-l-ene but-2-ene but-2-ene n-butane /but-2-ene trans butane 
538 0.82 1.04  
552 2.214. 1.11  
558a 
2.75 - 1.98: . 	 0.17 0.19 0.141 5.514. .0.86 5.65 
565a 5.31 - 	 . 3.59 0.314. . 	 0.146' , 	 0.92 ' 	14.85 ' 	 0.84. 14.72 
569 5.914. 1.14.6 . 	 . . 
583a 12.2 -. 7.14.0 0.85 1.08 : 2.86 3.85 0.79 
585 13.3 2.146  
5146? 1.12 0.76 
 
• 3.20 0.814. - - - - - - - 
576b 7.140 1.86  
a 	Rates' of formation of butene isomers and n-butane' obtained. in a separate experiment where only butenes and butane 
were analysed. • 	 • .. 	 S , •• 
b 	Results obtained in a second experiment on the same sample of catalyst'. ' 
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TABLE 7.8 Decomposition of Butan-2-ol on the 
Static System 
• 	 • 	Rate of formation/101 
1 2 	 Ratio molecules s M 
Temp 
• 	• 	 cis 	trans • 	but-1-ene 	• cis 
1K but-1-ene but-2-ene but-2-ene /but-2-ene /trans 
1483 	0.29 	 0.29 	
• 	 •. 	• 
526 	2.147 	0.87 	'0.35 
•. 	2•0(0,•514a ) 	( 2 149a) 
a 
a. Figures refer to steady values after 10' mins. 
The dehydration reaction produced but-l-ene and .cis and 
trans-but-2-ene, Fig. 7.15a and b shows the overall reaction and 
the distribution of products at 526 K. At this temperature but-2-ene 
was the major product except in the first few minutes when the initial 
reaction favoured the production of but-1--ene. At 1483 K but-2-ene and 
but-1--ene were produced initially at the same rate but the rate of 
but-l-ene production subsequently decreased and but-2--ene became the 
major product. 
On the flow system the decomposition reaction was studied 
in the temperature range 1495 K to 518 K. Table 7.9 gives the rates 
of the various decomposition reactions and the product distributions. 
Over this temperature range the ratio of but-l-ene :but-2-ene remained 
constant at 0.148 and the cis:trans ratio remained' constant at 2.4. 
These values are similar to the steady product ratios found on the 
static system. Fig. 7.23 shows the rates of dehydration of but-2-ol 
on an Arrhenius plot. 
7.3.3 	2-Methylpropan-1-oi 
On the static system the 'decomposition of this alcohol was 
followed in the temperature range 5140 K to 596 K. Dehydration was 
the main reaction and only traces of the' dehydrogenation product were 
detected. Fig .., 7.19 shows the reaction on - an Arrhenius plot. 
The dehydration reaction produced isobutene but also 
significant amounts. of the three n-buteñes and trace amounts of 
methylcyclopropane. The ,rates of formation of these products are 
given in Table 7.10 and the course-of the reaction at 5 140 K is shown 
in Fig. 7.16a. The product ratios remained at approximately the same 
values throughout the temperature range studied and throughout' the 
course of any one reaction. There was no indication of'an initial 
period where one or other of the minor products.' was' produced 
preferentially as had been observed in the reaction of buta.n-2--ol. 
• 	Temp Rate of formation/10 molecules s' m 2 
• 1K. 
cis trans methyl ethyl 
but-l-ene but-2-ene but-2-ene ketone 
195 1.01 1.51 • 	 0.61 • 	 • 	 <0.05 
498 1.18 1.76 0.70 	• <0.05 
503 	• 1.66 2.13 	• 1.00 0.20 
508 2.25 3.32 1.39 0.35 
513 	• 3.03 	• • 1.86 0.36 
518 3.91 • 5.71 2.38 •0.74 
Ratio 
but-l-ene 	• • cis/ 
/but-27ene trans 
0.50 2.37 
o.48 2.514 
o.148 2.143 
0.148 .2.39 
0.148 2.39 
0.148 2.39 
H 
1'Y 
L4) 
C'- 
TABLE 7.9 Decomposition of Butan-2-ol on the Flow System 
TABLE 7.10 Decomposition of 2-Methyl Propan-i-äi on the Static System 
Ir 	 - 
Temp 	 Rate of formation/10 7 molecules s m 	 Ratio 
/K 
but-l- cia. trans methylcyclo isobutene butl-ene cis/ 
isobutene butane ene but-2-ene but-2-ene propane /n-butene /but-2-ene trans 
50 	1.3 0.05 	. 0.25 0.17 0.11 0.03 .2.8 0.9 1.6 
573 	4.30 0.18 0.82 0.53 . 	 0.28 0.09 2.6 1.0 1.9 
596 	9.30 0.73 2.20 1.20 0.60 0.15 2.7. 1.2 2.0 
a 	
rates of formation of isobutane are given after 30 minutes of reaction time had elapsed. 
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Isôbutane was also formed during the decomposition reaction however 
not as an initial product. A first order plot for the overall 
decomposition is shown in Fig. 7.16b; first order kinetics were 
followed for the first 30% of the decomposition but thereafter 
the decomposition was poisoned. It is interesting that the 
deviation from linearity coincided with the stage in the reaction 
where isobutane - was formed. 
Results from the flow system over the temperature range 
553 K to 573 K are presented in Table 7.11 and Fig. 7.22. These. 
experiments gave similar results to those carried out on the 
static system: n-butenes were formed in significant amounts and 
the product ratios were comparable with those obtained from the 
static system although in this case no methylcyclopropane was 
detected. Fig. 7.17 shows a comparison of the two sets of results 
on' an Arrhenius plot. A further difference between the two 
techniques was that on the flow 'system small amounts of the 
dehydrogenation product, 2-methyl-propanal, were detected but on 
the static system this compound was not observed. 
A reaction was carried out at 593 K on the static system 
with only isobutene present over a sample of rutile. No n-butenes 
were formed but traces of methylcyclopropane were observed. This. 
ruled out the possibility that the n-butenes formed in the 
decomposition of 2-methyl propan-1-ol had been produced by 
isomerisation of isobutene. The traces of methylcyclopropane 
which were formed from isobutene could not account for all the 
cyclopropane observed in the alcohol decomposition and under 
reaction conditions it is likely 'that isomerisation of isobutene 
would be poisoned by the presence of water. 
TABLE 7.11 Decomposition of 2-Methyl 'Propari-l-ol on the Flow System 
Temp Rates of formation/b •- 1- molecules s in Ratio 1K' '. 
2-methyl 
'propanai 
iso 
butene 
iso 
butane 
but-l-' . 
ene 
cis ' 
but-2-ene 
trans 
but-2-ene 
•total 
dehydration 
iáobutene 
/n-butene 
'but-l--ene 
/but-2-ene 
cis/ 
trans 
553 0.33  1.63 , 
556 	, 0.38 3.89 . 	 0.09 0.63 0.10 ' 	 ' 	 O.9 	' 5.31 ' 	 2.86 0.86 1.51 
0.18 4. .o.16 0.84 0.57 561 
 
0.142 6.9.7 2.73 0.85 	' 1.36 
563 0.55  7.62 . 
568 0.82. 7.06 0.27 1.214 0.85 	, 0.61 	' . '10.02 	
. ' 	
2.62' 0.85 	: , 	 1.39 
573 0.82 9.35 0.146 162 0.99 	. 0.76 13.17 2.614 0.87 	' 1.51 
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'2Methyl'Prbpan-2-ol 
On the static system, 2-methyl propan-2-ol decomposed to 
produce isobutene and water in the temperature range 1403 K to 1423K. 
The rates of this reaction are presented. in Table 7.12 and the course 
of the reaction at 1413 K is shown in Fig. 7.18. The reaction , 
followed zero order kinetics except in the latter part of the 
reaction at 1423 K which was poisoned. At temperatures above 
1423 K there was a loss of material to, the surface of the catalyst. 
This loss increased as the temperature was, raised until at 50 14 K' 
it. was the main reaction and only a small proportion ("'5%) of the 
initial dose remained in the gas phase as isobutene. No n-butane 
was observed at any of these temperatures. The'low temperature 
reactions are compared to the reactions of other alcohols on 
the static system in Fig. 7.19. 
On the flow system the decomposition reaction was 
followed in the temperature range 521 K to 1453 K where theY 
conversion of alcohol was <16% - isobutene was the only product. 
Table 7.13 gives the rates of reaction under these conditions; 
these results are compared with the static system results in 
Fig. 7.20 and with 'the results from other' tertiary alcohols on 
the flow system in Fig. 7.2 11. 
7.4 	Reactions of'Pentanols 
Pentanols were studied only on the flow system. 
7.14.1 	Pentan-2-ol 
Pentan-2-ol decomposed by dehydration to n-pentenes; only 
traces of the dehydrogenation product, methyl propyl ketone, were 
observed. 
In the temperature range 1476 K to 506 K the dehydration 
produced all three n-pentenes - pent-l-ene and cis and trans-pent-2-ene 
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TABLE 7.12 Decomposition of 2-Methyl Propan-2-oi on the 
Static System 
Temp 	Rate of formation/1015. molecules s m 
1K 
: 
isobutene 	 material loss 
• 	1403 	 0.145 	 - 
• 	1413 	 3.87 	 • 	- 
• 	1423 	 7.614 	 - 
5014 	• 14.2 	 414.6' 
• TABLE 7.13 Decomposition of 2-Methyl Propan-2-ol on the 
Flow System 	 ' 
Temp 	Rate of formation/10 molecules $ m 
1K 
isobutene 	 • 
1421 	• 	14.20 	 • 
1427. 	'. 	 • 	6.146 	 • 
1436 	 10.714 	 • 	• • 
443 
• 	
15.84 
4147 	, 	20.814 
453 • 	 27.86 	• 
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- and the rates of formation of these alkenes together with the alkene 
distribution ratios are given in Table 7.114.. 	The relative amounts of 
pentenes- were nearly constant within this temperature range - pent-l--ene/- 
pent-2--ene 0.149 and cis/trans pent-2-ene = 1.75. The rates of. the 
overall dehydration reaction are presented in the form of an .Arrhenius 
plot in Fig. 7.23. 
The rate. of dehydroenation to the ketone was always less 
114 	 -1 -2 than 0.2x10 molecules s m 
1. 14.2 	2-Methylbutan-2-ol 	. 
The decomposition of 2-methylbutan--2-ol was investigated 
in the temperature range 1419 K to 438,K and. over the range of contact 
times 2.14s to 8.5s at 1435 K. The results of these experiments are 
given in Tables 7.15a andb and the overall dehydration rates are 
given as an Arrhenius plot in Fig. 7.214. 
The products of the decomposition reaction were 2-methyl-
but-1-ene• and 2-methyl-but-2--ene. The ratio of these .aikenes was 
almost constant within the temperature range used, the average value 
of the ratio 2-methyl-but-1-ene/2-methyl-but.-2-ene being 1.0. This 
is '' five times the equilibrium ratio of these alkenes which varies' 2' 
from 0.26 at 1419 K to 0.29 at 1438 K. 
Fig. 7.21 shows the variation of percentage conversion of 
alcohol with contact time. The conversion was directly proportional 
to the contact time indicating that, under the experimental conditions, 
the reaction followed zero order kinetics. The variation of the product 
ratio with contact time is also shown in Fig. 7.22; there was not a 
great variation in the product ratio but there did seem to be a 
tendency to lower values as the contact time increased, that is 
longer contact times favoured the production of 2-methyl-but-2-éne. 
Ratio 
pent-l-ene/ cis/ 
pent-2-ene trans 
0.53 •1.72 
0.18 . 1.714. 
0.146 1.78 
0.147 . 1.714 
0.147 1.714 
TABLE' 7.14 Decomposition of Pentan-2-o] 
Rates of formation/10 molecules  m . s - 
Temp 
1K 
total 
dehydration pent-l-ene 
..Cis- 
pent-2-ene 
trans-
pent-2-ene 
176 2.82 - - 
485 4.69 1.61 1.93 1.1 2 
492 7.11 2.32 3.05 1.75 
10.30 3.25 .52 2.51 
501 1.20 3.88 5.26 3.03 
506 16.20 5.15 . :699 4.02 
Temp 
1K 
419 
1422 
1428 
1433 
1438 
Contact time 
• 	 2.14 
• 2.8 
3.14 
4.2 
5.6 
• 	 8.5 
	
TABLE 7.15 	Decomposition of 2-Methylbutan-2-ol:  
Effects of variation-of temperature 	. 	 . 
rates of 	 14 	 12 	
Ratio 
formation/lO molecules s in 2-methylbut-1-ene/2-methylbut-2-ene 
2-methyl- 2-methyl- experimental 	. 	equilibrium 
but-l-ene 	. 	. 	but-2-ene 	value 	 . 	value 
1.23 	 L22 	 1.01 	 0.260 
1.61 . . . 	 1.57 1.03 . . 	• 	0.263 
2.23 	. 	. 2.15 	• 	i.o14 	 : 0.272 
.3.08 • • 	 3.15 • • 0.98 . • 	0.280 
14.86 	• • 	
• 	. 	507 . .• 	0.96 	• 	• . 	0.288 
Effects of variation of contact time at 1435 K 
14 	 -1-2 rates of formation/l0 molecules s in 	 Ratio 
2-methyl- 	 2-methyl- 2-methyl-büt-1-ene / 
but-l-erie but-2-ene 	2-methyl-but-2-ene 
• 	2.514 	 • 	 2.31 	 1.10. • 	• 
• 2.86. . • 	•. . • 	2.72 • 	1.05 • • 	• 
• 3.38 	0 	 • 	• 3.18 	 0 	 • 1.06 	: 
3.99 • 	 0 	 • • 	3.82 • 	0 	 • 	 1.05 . 
5.39 	 . 543 	• 0.99 • 	• 
8.34 • 	. 	. 0 	 • 	 • 	 8.68 • .0.96' 
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An initial value of 1.114 for the 2-methyl-but-1-ene/2-methyl-but-2-ene 
ratio was obtained by extrapolation back to zero time. At 1435 K the 
equilibrium value of this alkene ratio is 0.28. 
L.. 	Reactions of Hexanols 
As with pentyl alcohols, all the investigations into the 
reactions of.hexanols were carried out on the flow system. 
7.5.1 2,3-Dimethylbutan-2-ol 
Only two products were detected in the decomposition of 
2, 3-dimethylbutaxi-2-ol - 2, 3-dimethyl-but-l-ene. and 2, 3-dimethyl-but-
2-ene.. Table 716 gives the rates of formation of these alkenes. and 
the alkene ratio for the decomposition reaction in the temperature 
range 398 K to 1419 K and the overall rates of reaction are show as. 
an Arrhenius plot in Fig. 7.214. The ratio of 2.,3-dimethyl-but-1-ene 
to 2,3-dimethyl-but-2-ene increased from 1.1 to 1.5 as the temperature 
was increased. This increase, although not large, did indicate, a 
tendency for the less stable isomer to be favoured atthe higher 
temperature studied. The equilibrium ratio 12' for these alkenes 
was considerably less than the experimental values; at 398 K the 
equilibrium ratio is 0.35 increasing to 0• 140 at 1419 K. 
7.5.2 3,3-Dimethylbutan-2-ol 	. 	. 	. 
The decomposition of this alcohol was investigated in the 
temperature range 1498 K to 523 K. The major reaction was dehydration 
to 2,3-dimethyl-but-l-ene (I); 2,3-dimethyl-but-2-ene (II) and 
3,3-diniethyl-but-l-ene (iii). Dehydrogenation to methyl t-butyl ketone 
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TABLE 7.16 	Decomposition of 2,3-Dimethylbutan-2-ol 
Effects of variation of temperature 
Temp Rates of formation/10 molecules s' 	m Ratio 
2, 3-dimethyl- 2, 3-dimethyl- 
'iII /K .but-1-ene but-2-ene 
(I) (II) 
398 1.61 1.12 1..11 
403 2.51 1.95 1.29 
o8 4.11 2.86 1.44 
415 6.16 4.31 . 1-50 
419 9.91 6.49 153 
- .l3' - 
also occurred but was slower than the dehydration reaction by a 
factor of ten. The rates of reaction and product distributions are 
P.  resented inTable 7.17 and the overall rates Of dehydration are given 
as an Arrhenius plot in Fig. 7.23. 
The ratio of 111/I stayed constant at 0.59 throughout the 
temperature range but the ratios of 111/Il and I/Il decreased slightly 
at higher temperatures. As with the dehydration of 2,3-dimethyl-butan- 
2-01 the experimental values of these alkene ratios differed significantly 
from the equilibrium values. At 513 K the equilibrium values 'are: 
1/11=0.65; 111/1=0.05; and 111/11=0.03. It is interesting to note 
that the experimental of the ratio of 1/11 formed in these 
experiments is very different from the value of the ratio of the 
same alkenes formed from 2 5 3-dimethylbutan-2-01. 
1-6 	Discussion 
The main reaction of alcohols over rutile is decomposition 
by loss of water to form the corresponding alkene(s). With primary 
and secondary alcohols dehydrogenation to the corresponding aldehyde 
or ketone also occurs but this reaction beComes less important as the 
alcohols become more complex. In addition to dehydration and 
dehydrogenation the two simplest alcohols which were studied - ethanol 
and propan-1-ol - exhibit a third type of reaction in which coupling of 
two C2 or C3 units occurs to produce a C or C6 alkerie. 
In view of the affinity shown by the rutile surface for. 
alkyne and diene molecules it is worthwhile to consider here-the 
possibility of material loss under conditions where the reactant 
is an oxygenated compound. There is no significant loss of alcohol 
to the surface except with 2-methylpropan-2-ol; however even in this 
TABLE 7.17 	Decomposition of 3,3-Dimethylbutan-2-ol 
Temp 	Rates of formation/10 molecules s in 	 Ratio 
/K methyl 	2, 3-dimethyl- 	2, 3-dimethyl-. 3, 3-dimethyl- 
• t-butyl but-l-ene 	but-2-ene 	but-1-ene 	I/Il 	1/111 	11/Ill 
• ketone 	(I) (11) (III) 
H 
w 
498. 0.3 1.82 0.39 1.08 1.66 1.70 0.36 	 Zn 
503 0.59 2.511 0.56 	•' 1.117 	• • 	 .53 1.72 0.38 
509 0.46 3.55 0.75 2.10 14.73 1.70 0.36 
513 0.55 11.39 1.02: • 	 2.60 11.30 1.70 	• 0.39 	' 
518 0.65 6.31 1.119. , 	 3.62 • 	 '14.23 1.75 0.111 
523 0.69 8.10 2.03. 11.67 11.20 1.70 	• 0.143 
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case the dehydration reaction occurs at temperatures below those at 
which material loss becomes important. In contrast to alcohols there. 
is a substantial loss of material to the surface when ethanal or 
prOpanal are reacted over rutile and acetone is known to behave in 
a similar manner2. It is likely that the different behaviour of 
alcohols and aldehydes is a result of the unsaturatiôn of the latter. 
Aldehydes are known to undergo addition reactions in which two,molecules 
combine to produce an aldol 53 and there is some evidence that this type 
of addition reaction is occurring over rutile from the results of 
experiments in which an aldehyde is the sole reactant. Under these 
conditions heavy long-chain ccanpounds with long retention times in 
the chromatographic column are formed in substantial amounts. In this 
respect, the ability of aldehydes to undergo an aldol condensation 
results in material loss to the catalyst surface in the, same way that 
Diels-Alder type addition reactions of alkynes and dienes produce a 
loss of -material. 'Saturated alcohols cannot, undergo this type of 
- reaction. 2-Methylpropan-2-ol appears' to be an exception however 
• the only decomposition product of this alcohol is isobutene which 
is known52 to be strongly adsorbed on rutile at temperatures of 
about 1140 K. It is likely therefore that the loss of material 
observed with 2-methylpropan-2-ol ,above 423 K is not, loss of alcohol 
molecules but loss of isobutene molecules and this view is supported 
by the fact that the alcohol decomposes readily at low temperatures 
without interference from loss of material to the surface. 
2-Methylpropan-1-ol also produces isobutene during dehydration: 
in this ,case although no significant loss of material is observed 
the overall decomposition reaction becomes poisoned and isobutane 
appears in the products. Our earlier work with alkynes and dienes 
has shown that self-hydrogenation occurs over rutile and it is 
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therefore likely that the isobutene formed by decomposition of 
alcohol molecules undergoes a self-hydrogenation reaction which 
produces isobutane and leaves a carbonaceous residue on the surface 
which is responsible for the poisoning of the overall alcohol 
decomposition reaction. 
Of the six alcohols which were studied on the static 
system the rate of disappearance of the secondary and.tertiary, 
alcohols remains constant throughout the reaction whereas the, 
rate of disappearance of primary alcohols decreases with time. 
In some eases this decrease follows first' order kinetics but with 
propan-l-ol and 2-methylpropan-l-ol the rates of disappearance of 
alcohol in the later stages of the reaction is less than predicted 
by first order kinetics. These facts suggest that  secondary and 
tertiary alcohols are adsorbed more strongly that the products. of 
their decomposition reactions and so competition for the surface 
between alcohol and product molecules does not interfere with the 
overall rate of reaction. This is known 15 to be true for' propan-
2-ol on rutile where the order of strengths of adsorption is 
pr6pan-2-ol>water> acetone 
but no data is available for the other alcohols 'studied on the 
static system. Primary alcohols are less strongly adsorbed and 
therefore more sensitive to the presence of product molecules 
which can compete for the available surface sites. The most 
likely molecule to interfere in the decomposition of alcohols in 
this way 'is water. Water is known 'to po±s'on - the dehydration of 
some alcohols on alumina122 and experiments described in this work 
show that water, when present initially, reduces the rate of 
propan-1-ol and ethanol decomposition on rutile. Water produced 
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by dehydration will also interfere with the decomposition of any 
unreacted alcohol molecules. The overafl picture. of primary 
alcohol dehydration is one where the rate of decomposition is 
affected by the presence of productmolecules, in particular by 
water, and in addition to inhibition by water the decomposition 
may also be affected by the subsequent reactions of sane products, 
for example coupling reactions and self-hydrogenation both of which 
form a carbonaceous surface residue. 
Alkene Formation 
The most important aspect of dehydration reactions over 
rutile is the formation of alkene. This is the Only mode of dehydration 
for all but two of the eleven alcohols which have been studied - only 
with ethanol and propanol is any formation of ether detected. 
The relative rates of formation of alkene from the simpler 
alcohols which have been studied, i.e. ethanol, propanol and 2-methyl-
propan-2-ol, show that dehydration over rutile follows the same general 
pattern that is found for alcohol dehydration reactions in homogeneous 
and other heterogeneous systems: for an alcohol molecule ROH the ability 
of the R group to stabilisea positive charge is important in determining 
the reactivity of the alcohol. The order of reactivity parallels the 
order of stability of the R carbonium ion: 
t -butyl> i-propyl>n-propyli,,ethy1. 
This general observation led many of the early 	 74,75  to propose 
that catalytic alcohol dehydration involves carbonium ion intermediates. 
- 	 57,110 . However more recent studies 	have realised the importance of product 
distributions in alcohol dehydration reactions and in these investigations 
it is proposed that elimination may proceed by an E-1 mechanism in cases 
where a very stable carboniuin ion can be formed but that those alcohols 
which form less stable ions are more likely to undergo dehydration by 
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an E2 mechanism in which acid and base sites act together to remove 
the elements of water from the alcohol. In this, respect the catalytic 
studies are reflecting the general trend which is observed in 
homogeneous elimination reactions where the great majority of reactions 
proceed,by an E2 mechanism. 
Chapter 6 of this thesis discusses the use of linear free-
energy relationships in the study of catalytic reactions and in 
particular in the study of alcohol dehydration reactions. The data 
obtained in the present investigation have been analysed in a similar 
way and the resulting free-energy relationship is shown in Fig. 7.25. 
This linear relationship immediately provides useful information about 
alcohol dehydration over rutile: (i) all the alcohols react by a 
common mechanism, and (ii) the negative slope (p = -4.3) indicates 
that the reaction intermediate develops a whole or partial positive 
* 
charge. The absolute value of P depends on the' strength of the 
sites involved in the reaction and also on the character of the 
reaction itself. 
In general.an El mechanism can - explain the alkene 
products which are observed in the dehydration of tertiary alcohols 
and carbonium ions are usually proposed as the intermediates in 
these reactions57 . In the present work three tertiary alcohols 
have been studied - 2-methylpropan-2-ol, 2-methylbutan-2-ol and 
2,3-dimethylbutan-2-ol. Of the eleven alcohols which have been 
investigated these three are the most reactive in agreement with 
the view that dehydration involves positively charged 'intermediates. 
2-Methylpropan-2-ol forms only isobutene during dehydration however 
the two - other tertiary alcohols each form two alkene products and in 
each case the alk-l-ene to alk-2-ene ratio is significantly higher 
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than the equilibrium value.. Isomerisation of methylbutenes has not 
been investigated over rutile but a study of dimethylbutené 
isomerisation has been carried out and it is useful.to compare 
the dimethylbutene distributions from dehydration reactions with 
those from isomerisation reactions. Dimethylbutene isomerisation 
has been shown to proceed via carbonium ion intermediates over a 
wide range-of catalysts '23 , including rutile 25 , and over rutile the 
ratio of 2, 3-dimethylbut-l-ene : 2,3 -d.imethylbut-2-ene (formed from 
3,3-diinethylbut-l-ene) is 0.18 at 373 K which is approximately the 
same as the relative proportion of these molecules at equilibrium 
at the same temperature. The 2,3-dimethylbutan--2-ol decomposition 
reaction gives values of the ratio of alk-l-ene : alk-2--ene which 
are approximately 6.times higher than the,equilibrium value at the 
same temperature, e.g. 1.1 14 at 398 K. This difference does not 
exclude the possibility of carbonium ion formation during the 
dehydration reaction over rutile but it does indicate that the 
proximity of. the hydroxyl group to the carbonium ion has some 
effect on the subsequent proton loss from the ion. If carbonitmi 
ions are not intermediates in dehydration reactions then of course, 
there is no reason to expect a correlation between product distributions 
from dehydration and isomerisation reactions. 
In considering the mechanism of dehydration of secondary. 
alcohols over rutile a' valuable comparison can be made between the 
alkene distributions 'from 3,3-dimethylbutan-2-ol and 2,3-dimethyl-
butan-2-ol decompositions because the secondary alcohol can rearrange 
to give the same carbonium ion which would be produced.directly from 
the tertiary alcohol: 
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Thus if carbonii.m ions are involved in the dehydration of both 
3,3-dimethylbutan-2-ol and 2,3-dimethylbutan-2-ol the ratio of 11/111 
should be the same in both reactions. Experimentally it is found that 
the formation of 2,3-dimethylbut-2--ene (III) is the, least favoured 
reaction in the dehydration of 3 ,3-dimethylbutan-2-ol; this is not 
because the methyl shift involved in step (3) is difficult because 
2,3-dimethylbut-l-ene ('ii) is the major product of the reaction. 
Data from Tables,7.16 and 7.17 show that the 11/111 ratio from the 
secondary alcohol is 4.0 	.7 compared to a value of 1 -'- 1.5 from 
the tertiary alcohol. This suggests that dehydration of secondary 
alcohols on rutile does not proceed by a carbonium ion mechanism 
even in cases where a tertiary carbonium ion can be formed by 
skeletal rearrangement. It should be noted that 3,3-dimethylbut-
1-ene (I) is not a product of 2,3-dimethylbutan-2-ol dehydration 
- 
but is formed from 3 5 3-diniéthylbutan-2-ol. This difference however 
need not beof significance in regard to the respective reaction 
mechanisms of these alcohols because I is not formed during the 
isomerisation of II to III over rutile, indicating that step (14) 
above is slow compared to. step (6). 
Having ruled out an El mechanism in the dehydration of 
secondary alcohols the actual mechanism must still be able to explain 
the observed rates of dehydration of these alcohols. The order of 
activity of the secondary alcohols which have been studied suggests 
that although distinct carbonium ions are not formed nevertheless 
the intermediates develop a partial positive charge. This could 
occur in a similar manner to that shown in section 6.1 where, 
within an overall concerted mechanism, the breakage of the 
C a OH bond progresses more rapidly than the breakage of the C-H bond 
resulting in a partial positive charge on the a-carbon atom. This 
type of mechanism requires an acid site and a basic site to act 
together as an acid-base pair. In view of the reactions of alkyries 
and:dienes over rutile described in Chapter 5, it is proposed here 
that the same acid-base site which is active in those reactions is 
also active in alcohol dehydration reactions, namely Ti-O s'urface 
pairs. Metal-oxygen pair sites have been suggested as the active 
site for E2 dehydration mechanisms over several other catalysts - 
57,58 A 203• Zr02108 and hydroxyapatites 90 . The conclusions drawn 
here by using information from alkene product distributions agrees 
with the results obtained by Kochloefi and co_workersl08 who studied 
the dehydration of secondary alcohols over four catalysts and by 
* 
examining the variation in p values from these catalysts concluded 
that the reaction mechanism changes from El to a fully synchronous 
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E2 across the series of catalysts Si029  Ti021  Zr02 and A1203 . 
A concerted reaction can occur either by s-elimination 
or y-elimination as described in section 6.1 of this thesis. In 
considering the relative importance of these two modes of elimination 
over rutile the dehydration products of 3,3-dixnethylbutan-2-ol are 
again useful: 3,3-dimethylbut-1--ene can only be formed by a s-elimination 
(see Fig. 7.26a) while formation of 2,3-dimethylbut-1-ene requires an 
intramolecular shift in addition to loss of the elements of water and 
this can only happen if an y-hydrogen is lost from the molecule, (see 
Fig. 7.26b). From the product distribution, almost half of the alcohol 
molecules which react do so by y-elimination. The third and minor 
product of 3 ,3-diniethylbutan-2-ol dehydration is 2, 3-dimethylbut-2-ene. 
It:cannot be formed via a concerted - or y-elimination. Over alumina 8 
it has been suggested that this alkene is formed from a positively charged 
species which is stabilised by anchimeric assistance by a neighbouring 
methyl group (see Fig. 7.26c). :3,3-Dimethylbutan-2-ol reacts at lower 
temperatures on alumina than on rutile and in both cases 2,3-dimetbylbut-
2-ene is the minor product of the dehydration reaction however relatively 
more of this alkene is produced over rutile than over alumina. This 
suggests that although. rutile may have fewer active sites than alumina, 
i.e. it is overall less active in dehydration reactions, the sites 
which are present are of a greater strength than those on alumina and 
can more easily accommodate the formation of intermediates such as are 
shown in Fig. 7.26c. This observation is in agreement with the 
* 
variations in p values and primary kinetic isotope effects observed 
in the dehydration of secondary alcohols over these catalysts by 
Kochloefl et al 108$1113 	: 
For 3,3-dimethylbutan-2-ol the ratio of -elimination to 
- 1)414 - 
y-elimination, represented by the relative rates of formation of 
3,3-d.iinethylbut-l-ene and 2,3-dimethylbut-l-ene, is constant over 
the temperature range studied and has a value of 0.59. With the 
other two secondary alcohols which were studied - butan-2-ol and 
pentan-2-ol - the alkene products cannot be so clearly associated 
with the mode of elimination: the alk-l-ene can only be formed by 
s-elimination but the alk-2-ene can be formed by either - or 
y-elimination. However it is interesting that. for both of these 
alcohols the ratio of alk-l-ene to alk-2---ene formation is constant 
over the temperature range studied and has a value of 0.5. 
Although the alk-l-ene to alk-2-ene ratio does not vary 
from butan-2-oI to pentan-2-ol, the ratio cis :trans alk-2-ene from 
these alcohols does change. In both cases a cis preference is 
observed but it is less marked with pentan-2--ol (cis:trans = 1.7) 
than with butan-2-ol (cis:trans = . 2.4). A cis preference has been 
, observed in many catalytic dehydration studies57 81,1214,125. Pines 
and Haag81 proposed the formation of an intermediate proton-alkene 
complex over alumina. This explained the cis preference because 
cis-ti-complexes are thought to be more stable than trans-it-complexes. 
More recently Knozinger and Buh1 66 have suggested that elimination 
over alumina from a trans position in a synclinal conformation 
proceeds by an "inclination" of the adsorbed structure towards the 
•active basic site on the catalyst surface. This explains the cis 
preference in terms of steric restrictions between certain groups 
of the adsorbed species and the catalyst surface. The decrease in 
the cis:trans ratio from butan-2-ol to pentan-2-ol which is observed 
over rutile was also found by Knozinger and Buhl over alumina. 
Steric effects may therefore be important in determining the 
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distribution of geometric alkene isomers over rutile but to confirm 
this, experiments using a series of alcohols with the general 
structure 
• 	 qH3—cH—R 
• 	 OH 
require to be carried out over rutile. 
Of the primary alcohols which have been studied over 
rutile ethanol and propan-l-ol. are of only limited interest because 
they have only one alkene dehydration product. However 2-methyl- 
propan-l-ol and butan-l-ol produce several alkenes during dehydration 
and consideration of these products shows several differences between 
the dehydration of primary alcohols and that of secondary and tertiary 
alcohols. The butan-1-ol results show an aik-l--ene to alk-2-ene 
ratio (which represents the relative rates of B- to y-elimination) 
of 5.5 at 558K decreasing to 3.9. at 583 K. At the high temperatures 
required to. observe the decomposition of this alcohol, the possibility 
of secondary isomerisation reactions of the alkene products cannot be 
excluded and may be the cause of the variation in product ratio with 
temperature. However even the lowest value of 3.9 is considerably 
higher than the equivalent ratio for secondary alcohols. No clear 
indication of the rate of B- and y-elimination in 2-methylpropan-l-ol 
can be obtained because isobutene can be formed by either mode of 
elimination: but the formation of but-l-ene provides definite 
evidence that y-elimination is occurring (see Fig. 7.27). But-2-ene 
cannot be formed directly from 2-methylpropan-l-ol by either B - or 
y-elimination. At the high temperatures where the reaction was 
studied isomerisation of the alk-l-ene cannot be rule dout but is 
unlikely because the but-l-ene to but-2-ene ratio remained constant 
over the temperature range studied. It is possible to explain the 
formation of but-2-enes from 2-viethylpropan-l-ol in a similar 
manner to that proposed for the formation of 2 ,3-dimethylbut-2-ene 
from 3,3-dimethylbutan-2--ol, that is by anchimeric assistance by a 
neighbouring methyl group in the formation of 'a positively charged 
intermediate (see Fig.. 7.27c). In - this:-:case the methyl group is 
helping to stabilise a primary carbonium ion and as would be expected 
the percentage of alcohol molecules which react by this route is small. 
Support for the formation of a cyclic intermediate is found in the 
formation of small amounts of methyl cyclopropane from 2-nethyl-
propan-i-ol. . 3, 3-Dimethylbutan-2-ol and 2-methylpropan--l-ol both 
have a methyl group attached to the 8-carbon atom and in both cases 
there is evidence to show that anchimeric . assistance by this methyl 
group enables the formation of a positively charged intermediate 
which subsequently decomposes to give products which cannot be 
formed by a concerted 8- or y-eliminatiôn. 
Ether Formation 	 . 	. 
Ether formation over rutile occurs only with the two 
simplest alcohols studied - ethanol and propan-l-ol. The restriction 
of ether formation to the simpler alcohols is not unexpected because 
it becomes increasingly difficult to form ether molecules as the 
parent alcohol molecule becomes larger and more complex. Even in 
moving along the series from ethanol to propan-l-ol the ratio of 
ether to alkene formation decreases from 0.7 to 0.1 at 593 K and 
the effect of changing the alkyl group from n-propyl to iso-propyl 
is to completely suppress the formation of ether. A similar trend 
has .been observed for a series of alcohols over nickel oxide 
80 	 . 	 . 	.. 	. 	. 
catalysts . When ether is formed
. 
 from alcohol, its concentration 
increases until almost all the alcohol has reacted and only then 
does the ether itself decompose (see-Fig. 7.1a) however when ether 
• is the sole reactant decomposition, mainly to alkene, occurs readily: 
at a given temperature n-propyl ether decomposition occurs at a faster 
rate than propan-l-ol decomposition, and diethyl ether decomposition 
at approximately the same rate as ethanol decomposition. These facts 
suggest that when ether is formed from an alcohol molecule it - is 
prevented-from decomposing if large amounts of imreacted alcohol 
molecules are present because both types of molecules are competing 
for the same sites. 
Under conditions where ether and alkene are products of 
• alcohol decomposition it is difficult to decide which type-of mechanism 
is operative (see section 6.2.1 of this thesis). The results discussed 
here do not provide definite evidence for any one mechanism but they can 
serve to exclude at least some of the possible reaction schemes. A 
parallel mechanism, equation 6.7, 'cannot be operative in-the reactions 
of propan-l-ol over rutile because propene can be formed from n-propyI 
ether at temperatures where the decomposition of propan-l-ol is not 
detected. A consecutive mechanism, equation 6.6,, is not likely because-
of the observation that ether decomposition is inhibited in the presence 
of unreacted alcohol. Assuming that ethanol and propan-l-ol react by 
similar mechanisms over rutile then the most likely mechanism is a 	- 
simultaneous reaction where all three types of molecule are 
interconvertible, 	 - 	- 
ether 
_• 	 7.2. 
alcohol 	_.. 	alkene 
but where the back reaction of alkene to ether or alcohol is very 
slow. 
Gentry, Rudham and Wagstaff 23 studied the decomposition 
of propan-2-ol over rutile and found that isopropyl ether was formed 
during dehydration although at a rate much slower than the rate of 
formation of propene. The authors  suggested that ether molecules 
were produced,'by interaction of an alcohol molecule with a 
carbonium ion, CH3-H-CH2-H••O, bonded to a. surface oxygen (see 
Fig. 1.9). This interaction produced an oxonium ion, 
which subsequently lost a proton to give the ether. This reaction 
scheme' is not applicable to the present work because it does not explain 
the relative rates of ether to alkenefonnation from different 
alcohols. If carbonium ions are involved then 'the less stable ions 
will quickly lose a proton to form an alkene molecule while the' more 
stable ions, with a longer lifetime, will have a greater' chance of 
reacting with an alcohol molecule to form the ether; this predicts 
that the relative rates of ether to alkene formation, should.be in 
order 
propan-2-ol>propan--l-ol>ethanol. 
In fact the opposite order is observed. 
The different techniques 'of flow and static reactor 
systems provide useful information relevant to this aspect of 
dehydration: when propan-l-ol was reacted in the static system 
n-propyl ether was produced but when this alcohol was reacted in 
the flow system over the .same temperature range no ether was 
detected. These results are not in agreement with the proposals 
of Gentry et al. that ether formation involves the reaction : of an 
alcohol molecule with an adsorbed species because unreácted 
alcohol molecules are available in both systems. Alkene molecules 
however are not available for further reaCtion in the flow system 
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because they are continually being swept Out of the reactor. This 
suggests that propene molecules may be involved in the formation of 
propylether and that the ether is only formed when a sufficiently high 
concentration of propene is present above the catalyst. Alcohol 
molecules are thought to form alkoxide and hydroxyl groups on adsorption 
onto' rutile surfaces 
20 
 and it is suggested' here that these groups react 
with a gaseous alkene molecule to yield an ether. Fig. 7.28 shows the 
proposed mechanism for propylether formation.' The reverse sequence of 
reactions to that given in Fig. 7.28 represents the formation of propene 
molecules and propoxide groups from n-propyl ether; the propoxide groups 
can either desorb as propan-l-ol or decompose to propene. This scheme 
also explains another aspect of the reactions of ethanol and propan-l-ol 
in the static system namely that ether was not an initial product of 
alcohol decomposition. In the first sample only alkene and alkanal 
are observed; ether is produced after approximately .5 to 10 minutes 
of reaction, by which stage the alkene concentration has increased 
sufficiently to allow step (3) of the scheme in Fig. 7.28 to proceed 
at a detectable rate. Gentry et al23 give no details of the contact 
times used in their apparatus but differences in contact times 'in 
their experiments and those reported here may explain the differences 
in results. At long contact times the chance of a propene molecule 
reacting with an adsorbed propoxide species would be increased. 
Dehydrogenation and Coupling 'Reactions 
Data from the various results sections in this chapter show 
that for some alcohols dehydrogenation can be initially as fast as 
dehydration, especially at the lower end of the temperature ranges , . 
Studies on the static system however show that the initial rate of 
dehydrogenation decreases rapidly to almost zero and that the 
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concentration of alkanal never increases to more than a few percent of 
the total gaseous materialpresent. However the decrease in the rate 
of appearance of à.lkanal does-not necessarily mean that dehydrogenation 
has stopped; aldehydes and ketones are known to undergo addition 
reactions to form polymeric oxygenated species called ald.ols: 
(1)) RCH2CH. CH-CTI0 	RCH2C1fCH CHICHO1. 
OH 	 OHROHn 
(I) 
7.3 
Aldol condensation products formed in this way over rutile will 
be adsorbed on the catalyst surface and will not be detected by gas 
chromatographic analysis of the gas phase. 
Reaction (1) above is a coupling reaction where the chain 
length of the original alcohol has been doubled and it therefore must 
be considered as a. possible reaction step in the formation of butene 
from ethanol and the formation of benzene and hexené from própan-l---ol 
over rutile. Experiments with propanal as the sole reactant show 
that benzene and hexene can be formed directly from the aldehyde but 
it is interesting that under these conditions the major product is a 
heavier molecule which is most probably a long-chain product of 
repeated aldol condensations; this compound is not observed during 
the reaction of propan-l-ol. There is further evidence for supposing 
that. aldol óondensation of alkanals is involved in the production of 
C6 alkenes from the reaction of propan-l-ol in the presence of water. 
Water has been shown15 to displace acetone from the surfaceof rutile 
but not propan-2-ol and the reaction of propan-l-ol plus water was 
carried out in the hope that a similar order of adsorption strengths 
would hold for propan-l-ol, water • and propanal, that is 
propan-l-ol>water>propanal. 
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The experiment was successful in that the rate of decomposition of 
propan-l-ol is decreased but not completely inhibited in the presence 
of water whereas propanal formed from the alcohol is displaced from 
the surface by water. As a result propanal molecules cannot undergo 
further reactions and instead their gas phase concentration increases 
throughout the alcohol decomposition. In the dame experiment, the 
coupling reaction was not observed confirming thatpropanal is a 
precursor to the formation of hexene and bénzene. 
Equation 7.3 suggests that aldol condensation of aldehydes 
always produces polymeric species but the aldol (I) can decompose in 
various ways to produce other compounds. In section 6.4 of this 
thesis the elementary steps of the Lebedev process for the production 
of buta-1,3-diene from ethanol were described. The first step of this 
reaction is an aldol condensation followed by dehydration, hydrogenation 
and dehydration steps to give butadiene. No traces of butadiene were 
observed in the products of ethanol decomposition in this study howeverin 
view of the reactions of buta-1,3-diene on rutile whiôh were discussed in 
Chapter 5, it is reasonable that the Lebedev reaction over rutile should 
be carried a stage further and that buta-1,3--dienè undergoes self-
hydrogenation to butenes, see Fig. 7.29. A similar series of reaction 
steps is followed in the coupling reactions of propan-1-ol resulting 
in the formation of hexadiené and hexene. Benzene formation requires 
an additional cyclisation step followed by repeated dehydrogenation. 
118 It has been suggested 	that in the Lebedev process the production 
of crotyl alcohol is enhanced in the presence of unreacted alcohol 
because step (ita) can occur resulting in transfer of hydrogen from 
alcohol to crotonal and the production of crotyl alcohol and ethanal, 
the latter can then start the series of reaction steps (l) to (6). (see 
Fig. 7.29).. 
- 
• This type of interaction may account for the production of long-chain 
compounds in experiments where the only reactant is ethanal, and step 
(IL),' involving gas phase hydrogen, is the only route to crotyl alcohol. 
Rutile is not an efficient catalyst for gas phase hydrogenation and 
crotonal, or the corresponding .;C 6 alkanal in the reaction of propanal, 
may polymerise before hydrogenation takes place. 
The. role of the catalyst in these reactions is clearly very 
complex - even more complex than in the self-hydrogenation reactions 
of álkynes and dienes. The proposals for the mechanism of those 
reactions applyalso to the present coupling reactions of alcohols 
but in addition steps involving dehydration must be considered. At 
present it is not possible to distinguish between the reaction schemes 
115 	 116 	 ' 	•. 	. 1114 proposed by Gorin and Kagan and those proposed by Ostromislenski 
117 	 • and by Quattlebaum . One way of determining the reaction mechanism 
more.exactly would be to use the flow system, slightly modified so that 
sufficiently long contact, times were available to enable the detection of 
coupling reactions. The various molecules which have been' proposed as 
intermediates' in the reaction schemes (for example crotonal, crotyl' alcohol, 
butane7l,3-diol) could then be introduced into the' vapour stream in small 
amounts and their effect on the 'rate of production of butene noted. It 
might also be useful to follow the alcohol decomposition in the presence 
of deuterium using the gas chromatograph - mass spectrometer and by 
monitoring the deuterium content of butenes measure the relative rates 
of steps (it) and (ita) in Fig. 7.29 - step (it) would lead to deuterated 
butenes while step (Ita) would lead to' light butenes. 'This is a situation 
in which the inability of rutile to easily activate gaseous deuterium 
would be an advantage because the isotopic distribution would not be 
complicated by exchange reactions of the various intermediates with 
deuterium. 
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Comparison of the Flow 'and 'St atic,'Syst ems  . 
The most important feature in the comparison of static and 
flow system techniques has been stated in several parts of this thesis,' 
namely that on the static system used in this work the range of 
reactants which can 	investigated is limited to those with a vapour 
pressure of greater than about 1.6 kPa at room temperature. If the 
reaction of interest is the dehydration of alcohols then this limits 
the investigation to six alcohols, four of which produce only one 
alkene product. The first advantage of the flow system is that it 
enables a wide range of alcohols with fairly complex structures to 
be studied. Its second advantage is that in cases where either 
system can be used, the flow system enables the investigation to be 
carried out much more quickly than is possible on the' static system. 
Both systems can be used to study the effects of temperature, 
partial pressure of reactant and contact time on the reaction although 
the range of contact times available on the flow system' will always be 
more restricted' than those on.the static system. In addition, static 
systems are often used to study poisoning effects on a catalytic 
reaction. This is not. possible on the flow system described here 
but it is a simple engineering task to modify the system to allow 
small amounts of other compounds into the carrier stream and 
investigate the effect of these compounds on the rate of reaction 
and product distributions. 
The flow system technique does suffer from several disadvantages. 
The first of these applies to tubular flow reactors genèràlly and is that 
experimental data refer only, to a steady state system and then only to the 
first 15% of reaction. No information is normally available about 
initial period of time when ,the reactant first comes into contact, 
with the catalyst. Fig. 7.12 shows an experiment where the course of 
propan-2--61 decomposition was followed over a period of several hours. 
The performance Of theflow system is satisfactory in that a steady 
conversion is reached quickly and is maintained over a periodof 
several hours however the first sample, taken after one minute after 
the flow is -switched on, shows an anomalous conversion-and product 
distribution. The integrator response shows that during this minute 
30% of the reactant is adsorbed on to the catalyst surface, 7% 
is converted to alkene and 7% to ketone. The initial conversions 
represent the activity of a clean catalyst surface while the steady 
state represents that of a used surface. These differences cannot 
be avoided and are acceptable if the steady state activity does not 
change over the period of time of a normal experiment. The product 
distribution observed in the initial sample is in agreement with the 
initial reaction observed in the static system, that is dehydrogenation 
and dehydration occur to approximately the same extent. Data from the 
first sample of flow system experiments cannot be used to calculate 
rates of reaction because the method of calculation assumes that a 
steady state has been set up in the reactor. 
The second disadvantage of the flow system used in this work 
is that because the products and reactant are swept thrOugh the reactor 
in a few seconds no information can be obtained concerning possible 
secondary processes. This is one area where information from the 
static reactor complements that obtained from the flow reactor:- a 
good example is found in the reactions of ethanol and propan-l-ol 
where the static system shows that ether formation and coupling 
processes occur later in the reaction while the flow system shOws 
only the initial products of the decomposition. This need not be 
an insurmountable obstacle in the use of the flow system because 
it.ispossible to extend the range of flow ratesto lower values 
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with. 'correspondingly high contact times in the reactor and by this 
means detect any secondary processes which occur. With long contact 
times however, additional problemsarise,especially in dehydration 
reactions, in which isomerisatioñ of the initial alkene products 
can occur before the alkenes are swept out of the reactor. This 
means that any conclusions based onproduct'distributions are - open 
to criticism. In the present work it is considered that within 
the range of flow rates used this problem does not arise: the 
product distributions are constant within the temperature, ranges' 
and flow rate range used Significant changes in product distribution 
occur with primary alcohols where high temperatures are necessary to 
observe the decomposition and in these cases isomerisation of alkene 
products may be occurring. 
A further difference between the two techniques becomes 
apparent when activation energies' for the dehydration of different 
alcohols are compared. On the static - system (see' Table 7.18) there 
is a distinct, gap between the values of activation energy of alcohols 
which can only lose water by B-elimination and those which' àan undergo 
y-elimination; the latter mode bf 'elimination having the' lower 
activation energy. However this trend 'is not continued when the 
same reactions are carried out on the flow system nor is there 
any correlation between activation energies' and Taft inductive 
constants over rutile (see Fig. 7.30) although some authors have 
found that the activation energy of dehydration increases' from 
tertiary to secondary to primary alcohols. 
In conclusion', the static and flow systems each have 
advantages and disadvantages. In this study extensive and detailed 
information about, alcohol decomposition reactions has bee ñ' obtained 
by using the, systems in conjunction. The' flow system' described 'here 
has considerable potential and could be develOped to make available 
TABLE 7.18 Activation energies for dehydration 'of 
alcohols on the static system 
Reactant 
• 	ethanol 
• 	propan-l-ol 
propan-2-ol 
2-methyl 
• 	 propan-1-ol 
• 	2-methyl 
propan-2-ol 
butan-2-ol  
Activation Energy' 
E/kJ mole' • 
222  
79 
• 	252 	' 
	
89' 	• 	• 	' 	• 
266 
91 	•• 	• 
more, extensive information on any chemical- . system of interest. 
ConclusiOns 
It is necessary at this stage to comment on the various 
views concerning the catalytic properties of rutile which have been 1 
put forward previous to this investigation. Shannon, Lake and 
13,214 	 ' Kemball 	presented a picture of rutile as a catalyst on which 
basic sites were easily activated and were the active sites in 
reactions 'such as ket.one exchange and alk-l-ene to a1k-2-ene 
isomerisation. At temperatures above about 573 K they' coñsideréd 
the possibility of formation of radical species in reactions involving 
hydrogen or deuterium gas. In contrast to this view, Brookes 5 
proposed that rutile acted as a purely acidic catalyst at 
temperatures below about 523 K and that this catalytic activity 
depended only on the number of acid sites (Ti + ions) which were 
uncovered during outgassing by removal of molecular water from the 
surface. Above 523 K. Brookes proposed that other sites were 
activated which changed the character of rtitile, froni a purely acidic 
catalyst to one on which carbanions and radical species' could be formed. 
The present work shows that the view' of rutile as a basic 
catalyst is incorrect. ' The proposals put forward by Brookes' are 
basicly correct'but underestimate the role played by oxide ions on 
the rutile surface at low temperatures: elimination reactions of 
alcOhols occur at temperatures below 523 K via an E2 mechanism which 
requires the participation of 0 2_  ions as well as Ti ions. Similar 
conclusions about active: sites can be drawn from the self-hydrogenation 
and exchange reactions of alkynes and dienes. Brookes proposed' that, 
ca.rbonium ions were formed on rutile surfaces: the present work shows 
that fully developed carbonium ions may be formed on some surfaces but 
-'I 
that on a surface outgassed at 723 K a concerted' mechanism is 
preferred where only a partial positive charge develops on' the 
reaction intermediate. 
Some of the reasons for discounting 'the views propounded 
by Kemb'all., Lake and Shannon have already been discussed' in Chapter" 1 
of this thesis'. Only one further reason willbe given' here ánd.refers 
to the exchange. reactions of ketones with deuterium oxide. The 
mechanism proposed by Kemball et, á.l is one involving a keto-enOl 
tautomerism in which carbanions are formed on basic sites: 
2 
on' 	 ' 	), , =-1 	7. 11 I 	II 	 i' 
0 	L'° 0— 
The ketones which were investigated constituted' a series' with, the' 
general structure 
CH37O-R 	R 	2H5 ; -C(CH3 ) 2 ; 
0 	, 	
--CH = c(d11 3 ) 2 
This is exactly, the type of series which lends itself to a linear free 
energy relationship analysis. When the work was carried out no attempt 
at this type of analysis was made but recently the original experimental 
data have been treated in this way and the resulting free' énérgy 
relationship between the rate of exchange and Taft inductive effects is 
shown in Fig. 7.31. The important point about this 'relationship is that 
P is negative indicating a partially positively charged intermediate 
in direct contradiction to the mechanism proposed by the authors. The 
* 
absolute value of p is -0.8 which is less' than the value from alcohol 
dehydration ,reactions however a different preparation of rutile was 
used in the ketone exchange study and so no useful quantitative comparison 
MiLe 
can be made. Fig. 7.31 shows a reaction mechanism for ketone exchange 
which explains the original experimental results and which is also in 
* 
agreement with the p value for the reaction and with the view of the 
catalytic properties of rutile put forward in this thesis. 
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FIG. 7.7 Arrhenius plots for the decomposition products of propan-1-ol: 
On flow system: propene ,O; propanal,D 
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FIG. 7.10 Decomposition of propan-2-ol at 531 K on static 
system: propan-2-ol,O ; propene,4 ; acetone, CI 
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FIG. 7.11 Decomposition of propán-2-oi at 512 K on flow 
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FIG. 7.12 Decomposition of propan-2-ol on flow system: percentage 
conversion versus time, conversion to propene,O ; to acetone, 
at•521K. 
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FIG. 7.13 Arrhenius plots for the decomposition of propsn-2-01: on flow srstem: 
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FIG. 7.15 Decomposition of butan-2-ol on the static system at 
526K: a, disappearance of butan-2-ol, 0, with tim 
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FIG. 7.16 Decomposition of 2-methylpropan-1-ol at 5140 K on the 
static system: a, percentage composition versus time, 
2-methylpropan-1-ol,O ; isobutene,A ; n-butenes,D 
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FIG. 7.17 Arrhenius plots for the dehydration to alkenes 
of 2-methylpropan-1-ol: On flow system,O ; 
on static system, S 
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FIG. 7.18 Decomposition of 2-methylpropan-2-ol at 1413 K on 
static system: 2-methylpropan-2-ol,0 ; isobutene, Ah 
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FIG. 7.19 Arrhenius plots for the dehydration of alcohol on the static. system: A, .propanol-1-o1; 
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FIG. 7.20 Arrhenius plots for the dehydration of 2-methylpropan-2-o: 
on flow system, 0 ; on static system,• 
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FIG-7.21 Effect of the variation of contact time on the dehydration- of 
2-methylbutan72-ol at 1435 K: total inethylbuténe formation, 0.; 
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FIG. 7.22 Arrhenius plots for the dehydration of primary 
alcohols on the flowsystem: propan-1-ol,O ; 
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FIG. 7.25 Correlation of rates of dehydration of alcohols over rutile at 523 K in the 
co-ordinates of the Taft equation. 
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FIG. 7.27 Reaction Scheme for the Dehydration of 
2-methylpropan-l-ol over rutile. 
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FIG. 7.30 Correlation of the activation energies for dehydration of alcohols over 
rutile in the co-ordinates of the Taft equation. 
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FIG. 7.31 Correlation of the rates of exchange of ketones 
(CH 3 .co.R) with deuterium oxide over rutile (CL/D 3) 
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CHAPTER 8 
The Reactions of Alka.nes on Rutile 
'Generàl'Introductjon 
Rutile has been shown 13  to catalyse the exchange of alkenes 
with .deuterium at about 600 K and the hydrogenation of alkenes to 
alkanes at slightly higher temperatures (see Chapter 1 of this thesis). 
No previous studies have been made of the exchange ôfalkanes with 
deuterium on rutile and the purpose of the present research is to 
compare the rates of exchange of a series of alkanes in order to 
discover the pattern of reactivity of alkanes over. rutile.' 
When heterolytic fission of C-H bonds occur then the 
reactivity, of alkanes corresponds to one of two types. Over 
y_aiumina126 the pattern of alkane reactivity corresponds to that 
based on hydrocarbon acidity in which the adsorbed alkyl species 
have carbanjonjc character' and a linear free-energy relationship 
can be shown to hold between log (rate of exchange with deuterium 
of.a group of hydrogen atoms) and the PKa value of those hydrogen 
atoms. In some alkane molecules the hydrogen atoms can be:di vided. 
into groups of differing pKa and these groups display different 
rates of exchange with deuterium; an example of this is n-butane 
in which primary hydrogen atoms react about 60 times faster than 
secondary hydrogen atoms. Over silica-alumina catalysts however 
the pattern, of aikane reactivity parallels the ease of formation 
of carbonium ions from hydrocarbons 127. 
If the breakage of C-H bonds is homoly-tic in character 
the pattern of reactivity of alkanés will be similar to that 'on 
160 - 
metaisl25l28, i.e. the reactivity of the alkane will depend on the 
strength of the C-H bond. 
The pattern of alkané activity should clarify the 
mechanisms of-reactions at high temperatures over rutile which, 
stated in Chapter T, are thought 	to differ 
24,25 
as was. 	 significantly 
from the mechanisms operative at low temperatures.  
8.2 	'Results 	 ' 
8.2.1 	'Prelinirtärj 'iirnents 
Preliminary experiments over rutile showed that alkane 
exchange only occurred at temperatures above TOO K and. was accompanied 
by dehydrogenation to form alkenes with a range of isotopic compositions. 
The system was most conveniently studied using the combined' gas 
chromatograph - mass spectrometer (gas-line Iii) linked' to an on-line 
computer. In this way the reaction mixture could be separated' into 
its components and the isotopic composition of 'each measured. The' 
preliminary experiments showed that useful information about the nature 
and reactivity of the intermediates on the catalyst surface could be 
obtained by comparing the rates of exchange 'and dehydrogenation of the 
alkanes and by examining closely' the isotopic composition of the initial 
products of ,the reactions. The exchange reactions with methane were 
followed in a more conventional'manner129 using a direct capillary 
leak to an MS 10 mass spectrometer (gas-line II). 
An experiment was carried out at 713 K with an equimolar 
mixture of five 'hydrocarbons. The rates of exchange with deuterium 
were,' in units of 1013  molecules s m 2 , 0.26, 0.97, 1.88, 1.01 and 
.2-34 for methane, ethane, propane, isobutane and n-butane respectively. 
The reaction was very slow at this temperature and did, not proceed 
beyond the production of d2-alkanes during the period in which exchange 
- 161 - 
was monitored, however the exchange appeared to be stepwise. The 
• exchange reaction was accompanied by dehydrogenation and rates of. 
formation of propené and butene of 1.5 and 1.7 in the same units were 
• estimated. It was not possible to monitor the production of ethene 
during this experiment because propane and ethene were eluted' from 
the chromatographic column at the same time.' To.avoid this problem 
'and to simplify the reaction system,' subsequent experiments were 
carried out with a single hydrocarbon reactant. A higher tein:perature, 
750 K. was used in these experiments in order to give 'a faster rate. of 
alkane exchange and some 10-20% alkene at equilibrium. 
A steady rate of exchange of methane with deuterium by a 
stepwise process was observed at 750 K but the rate of reaction was 
an order of magnitude slower than that of the higher alkanes' (see 
Table 8.1). 
8.2.2 	Propane 
The reaction of propane was studied' in the presence of 
deuterium gas and in the presence of deuterium oxide. The' results 
with deuterium gas will be described first. 
Two. reactions took place initially - exchange and 
dehydrogenation of propane. The exchange reaction occurred by a 
stepwise process producing monodeuteropropane (C 3H7D) as the Only 
initial product and then the compounds with two or more deuterium 
atoms by successive reactions. Fig. 8.1 shows the log 4, and log x 
plots for this reaction. The value of 4) was calculated from 
percentages of d1 tod1 -propane only, as described in Chapter 3. 
In a stepwise exchange with no-side reactions these plots would 
be linear with the slope representing the steady rate of exchaage, 
however, it is clear from these graphs that the rate of exchange 
-162- 
• 	 TABLE 	8.1 - 	 Rates of reaction at 750.K • 
reactants 
initial rate 	initial rate of subsequent rate 
of exchange dehydrogenàtion of 
hydrogenation - - 
• (rate/10 	molecules. s 	n12 ) 
methane/D2 . 0.18 - 	 .• - - 
propane/D2 	: 1.67. 1.92 • 	 • 	 0.12 0.9 
propane/D20 1.23 1.02 0.03. 1.2 
isobutane/D2 0.91 0.18 0.03 5.2 
cyclopentane/D 2 1.67 7.8 0.90 0.2 
of propane decréasedby a factor of 5 from the initial value and 
thereafter stayed constant for the remainder of the* reaction. Fig. 8.2 
shows the overall reaction inthepropane/D 2 system and shows clearly 
that the decrease in rate of exchange of propane coincides with the 
production of propené; the steady rate of exchange being attained 
after the equilibrium percentage of propene has been formed. The I 
initialrate of dehydrogenation was similar to the initial rate 
of exchange of propane but the rate Of formation of propené decreased 
sharply with time and after 60 nun, the net production of propené was 
small since the.composition of the mixture had then approached the 
dehydrogenation.equilibrium. In Fig. 8.3.the integrated rate equation 
for the reversible reaction AX .+ Y, applied to the dehydrogenation 
of propane to propene and hydrogen, is plotted and this too shows the 
decrease in the rate of dehydrogenation with time. The properie formed 
initially, see Fig. 8. 14a.and Table 8.2, contained a small percentage Of 
C3H6 , large amounts of C3H2D] and C3HD5 but no C3D6 The mean deuterium 
content of the propene reached a steady value after approximately 30 mm. 
although C 
3 
 D 6  formation continued slowly. Treatment of the data using 
the method of Harper, Siegel and Kemball 130 showed that the ratio of 
the rate of exchange of the •first five hydrogen atoms to the rate Of 
exchange of the sixth was about 75:1. As the percentage Of propene 
increased the formation of propane molecules containing 5 to 8 
deuterium atoms occurred (see Fig. 8.2). Since the stepwise exchange 
of the alkane did not take place sufficiently rapidly under the 
conditions used to produce propane molecules with more than four 
deuterium atoms, it is clear that the deuteration of propene was 
yielding the highly exchanged propanes. The rate of formation of 
the latter species increased from zero to. a steady value as the 
-i6- 
TABLE 8.2 - Initial isotopic compositions of 
dehydrogenated products 
percentages 
4 i 
propene 	 6.5. 3.0 	3.0 22.5 32.5 32.5 	0 	- 	- 
isobutene 	15.0 0 	0 	0 	0 	0 	0 	10.00 75.0 
cyclopentene 	19.5 14.O 13.5 .12.0 	5.0 1O.O 11.O 	6.5 	5.5 
cyclopentad.iène 	1.0 	0 	0 	1.0 .12.0 38.0 148.0 	- 	- 
-Ib)- 
dehydrogenation equilibrium.was established. As shown in Fig. 8. 1 b 
these highly exchanged propanes contained about 2 0 more deuterium 
atoms than the propene molecules from which they were formed.'. Rates 
of the various processes for propane and for the other reactants are 
given in Table 8.1. . 	.. 
When, propane was allowed to react 'with deuterium oxide 
• 	instead of with deuterium the initial rate, of alkane exchange and 
dehydrogenation were not altered appreciably ('see Table 8.1.) but the 
subsequent decrease in rates was more marked and only 20% of propené 
.had been formed after 3 h - a value substantially belOw the expected 
70% corresponding to equilibrium for this mixture. The substitution 
of deuterium oxide for deuterium did not alter significantly the 
isotopic composition of the propene produced. 
8.2.3 	Iso-butane 
The reaction of isobutane conformed to the same general 
pattern as.that of propane but showed some different features. The 
proportion of isobutene in the reaction mixture increased rather' 
slowly with time and even after 6 h the dehydrogenation equilibrium 
had not been established. There was a gradual loss of hydrocarbon 
from the gas phase to the surface 'and this amounted; to some 15% 
of the reactant present initially (see:Fig. 8.5a). This loss of 
material was estimated from the total mass spectrometric peak 
heights of successive samples. Unlike propane, the log 0 and 
log x plots for isobutane have no linear portion, see Fig. 8.5b. 
Perdeutero-isobutene was by far the most abundant isotopic species 
produced initially by dehydrogenation of isobutane,' as shown in 
Fig. 8.6 and Table 8.2; in the first sample some C4H8 was observed 
which was not present in subsequent samples As with the propane/D2 
-166- 
system isobutane'molecules with between six and ten deuterium atoms 
were produced in the later stages of the reaction when' the àlkane 
exchange reaction had not progressed'beyOnd the production of d-isobutané. 
The rates of these processes are given in Table 8.1. 
8.2. 1 	Cyclo-pentane 	 .. 	 . 	 .. 	 . ' 	 . 
Again the pattern of reaction of cyclopentane followed that 
observed in the"propane/D 2 system with slight modifications. In 
addition to stepwise exchange of the cyclopentane with deuterium two 
dehydrogenation processes. were observed to take place imultaneoüs1y 
giving cyclopentene and cyclopentacliene (see Fig. 8.7). The 
dehydrogenation equilibria were established readily and after about 
20 mm. the mixture contained 50% cyclopentane and 25% of each of 
the unsaturated products. No significant loss of material' was 
observed in this experiment despite the presence of the' unsaturated 
diene. The initial isotopic compositions of these products are given 
in Table 8.2.. That of cyclopentene is more complex than in the other 
alkane systems and contains appreciable amounts of compounds with. - 0 9  I,' 
2, 3 and 6 deuterium atoms; the isotopic composition of cyclopentadiene 
was binomially distributed corresponding to a fully equilibrated . 
situation. 
8.2.5, . 'AlkerieExdhange'Reantions 
Some experiments were carried out on'thé' simultaneous 
exchange of mixtures of propene and isobutené with deuterium or with' 
deuterium oxide in order to compare the rates' Of reaction of the álkenes 
under these conditions. The experiments were carried out at 530 K with 
an equimolar mixture of the alkenes; the initial rates' of exchange with 
iLL 	 ilL .' 	-1-2 deuterium were 1.OxlO and 2.9x10 molecules s m for propene 
and isobutene respectively, with deuterium oxide the corresponding 
- 167 - 
14 
rates were 0.1xl014.and  97.2x10 molecüless' 
-2 in both 
experiments the exchange of each alkene was stepwise. 
8.3 •. 	Discussion 	 . 
The results at 713 K and 750 K indicate that all the alkanés 
studied exchange at similar rates with the except ion of methane which 
• reacts more slowly by a factor of 5 to 10.. The pattern of reactivity of 
the hydrocarbon molecules on.titanium dioxide does not correspond to either 
of the patterns expected for heterolytic dissociation of the C-H bonds, i.e 
that based on hydrocarbon acidity 12 or that basedonease of formation of 
carbonium ions from the hydrocarbon 127 . The pattern on rutile is similar. 
126,128 	. 
to that for exchange on metals 	and this suggests that the 
dissociation of C-H bonds in the saturated hydrocarbons occurs on 
titanium dioxide by a process which is essentially homolytic in 
character. Under these conditions the rate of reaction depends on 
the bond dissociation energy of the -C-H bond in question and this 
could explain the slower reaction of methane because the dissociation 
energy of the C-H bond in methane is at least 25kJ mol 1 greater. 
than that for the other hydrocarbons 131 . 	 . . 	. 
The majority of the results obtained, in particular those 
concerned with. the isotopic composition of the products, can be 
understood in terms' erm of a reaction scheme which is applicable, with 
minor variations to all the reactants studied' in detail. The scheme 
is 
gas phase 
surface phase 
C 3X8 
(1 )j (2)' 
C
'(31  
3X7 'jy 
C 3X6 	 . 	 .,• 
(5) 	
01
(6) 
	 .. 	• 	• 
C 
3 X 6' 
c3x5 	•. . 
- .168 - 
where X can be either hydrogen ordeuterium. The schèmé will be 
deséribed first of all with reference to propane as reactant and 
under the conditions obtained at the beginning of the reaction. 
The exchange of alkane occurs through the. 'reversible formation of 
the alkyl species by steps (l)and (2). The èxchange'is stepwise 
because step (14) is slow under initial conditions - any molecule 
undergoing step (3)' desorbs as propene. The faät that dehydrogenation 
and exchange of álkene occur at the sane rate suggests that steps (2) 
and (3) have similar rates. Steps (7) and (8) are relatively fast 
compared with step (5) so that - most of the propene molecules undergo 
several reversible dissociations to the C
3 X5
species before leaving 
the surface and as a consequence of this thésé molecules' mostly 
contain several deuterium atoms. The percentage of C 3H6 formed 
initially (6.5%) indicates that k 5 
 :k
7 
 is 1:15, i.e. 1/16th of 
the propene molecules desôrb as C 
3 
 H 6  without dissociating to .C 3X5 . 
Step (6) becomes important as soon as gas phase propenè is formed and 
it leads to further exchange of the alkene. Step (14) only contributes 
significantly: at a later stage when larger amounts of propene are 
present and it' gives rise to the highly exch&igéd propanes'which 
are formed slowly by the rehydrogenation reaction. 
It is highly probable that the adsorbed C
3 X5
is a neutral allyl 
species. A similar species with a carbanionic character 'cannot be totally 
excluded, however the overall reaction is a series of dehydrogenation 
steps - from alkane to alkene to diene and possibly to more unsaturated 
surface species - and since in the first step, that of alkane to 
alkyl, alkane reactivity does not depend on ease of formation of 
carbanions from the hydrocarbon it is reasonable to assume that 
the sane is true for subsequent dehydrogenation steps especially 
- 1b9 -- 
as in the reaction scheme given above these are assied' to'take place 
on the same type of active surface site The formation of neutral 
species on the surface in this -investigation is in agreement with the 
results obtained by Lake and Kemball 13 for the exchange of alkyl-
benzenes with deuterium. Interconversion between an allyl species 
and an alkene will replace only five of the six atoms in propene 
but all eight hydrogen atoms in isobutene in excellent agreement 
with the experimental results. The slow exchange of the sixth' 
hydrogen inpropene will involve the formation of an n-propyl 
species by step (4) followed by dissociation again by step (3)• 
The results in Table 8.2 for the initial composition of 
the cyclopentenes leads to some interesting conclusions about the 
nature of the adsorbed cycloalkené and cycloalkyl species. The 
results from this alkane differ from those of other reactants in 
that significant amounts of d0 , d1 , d2 and d3 compounds are produced. 
These results suggest that the cyclic species are oriented with the. 
ring approximately parallel to the surface and that the' species' do 
not turn over rapidly on the surface.. The speciés'may be'represènted" 
as  
H 
 
H 
 
- where only atoms marked Y can be replaced by interconversion between' 
these species if the orientation with respect to the surface is maintained 
- 170 - . 
The H'hydrogen atoms are oriented either parallel to the surface or 
away from the surface and do not have a chance 'of dissociating. 
Consequently cy-clopentené molecules with up to three deuterium atoms 
can be produced readily but molecules 'with more deuterium atoms' can 
only be formed initially if the adsorbed species can turn over before 
desorbing a6 .a product The evidence that 59% of the cyclopentene 
produced initially has three or less. deuterium' atoms suggests that 
the majority of the adsorbed species desorb without 'turning over.. 
As already implied,, the relative rates of the'. various 
reactions in the scheme for propane and in the corresponding schemes 
for the other reactants will depend on the'proportions'of alkane and 
alkene in the reaction mixture. Alkene is more strongly adsorbed 
than alkaneand so the rates of alkane exchange decrease as the 
amounts of the unsaturated products increase but remain constant 
after the dehydrogenation equilibria have been established. Under' 
these conditions the rates of rehydrogenation (shown: in Tabl6'8.l) 
must equal the rates of alkane dëhydrogenation. These rates (kH  in 
Table 8.1) are smaller than the initial rates (k, in Table 8 1) 
partly because there is less alkane present but mainly because the 
alkene' is acting as an inhibitor' by competing for the surface. 
The. loss of material and the more drastic decrease in 
rates of.. reaction with isobutane as reactant are probably 'caused by 
coupling of unsaturated species to form surface residues as' occurs 
with butadiene and similar compounds. - . The decrease 'in the rate of 
dehydrogenation of propane during the experiment with deuterium oxide 
maybe caused by the formation.of highly dissociated and strongly.  
adsorbed C3 residues occurring under these conditions where there' 
is much less H2 or D2 present The formation of cyclopentadiene 
- 171 - 
from cyclopentane is largely a consequence of a sufficiently favourable 
equilibrium constant but it shows that this diene is not readily 
converted to a surface residue.' The relative rates of alkane exchange 
'and dehydrogenation (kI/kD  in Table 8.1) vary with,the reactant. 
Dehydrogenation. is faster' than exchange with cyclopentane but slower 
with isobutane although the results for the latter' compound may be 
complicated by conversion of isobutene to surface residues. 
The exchange experiments with the mixed' aikenés' are 
52 interesting because they confirm. previous evidence that the 
presence of. water may lead to a change Of mechanism for exchange of 
isobutene'on rutile. When deuterium is used.both.propene and isobutené 
exchange at roughly equivalent rates as expected if allyl intermediates 
are involved in the mechanism.. The. substitution of deuterium'óxide for 
deuterium reduces the,rate of propene exchange slightly but increases the 
absolute rate of isobutene exchange by a factor of 30 and the relative 
rate with respect to propene by a factor of 80. It is suggested that 
in the presence of, deuterium oxide - a potential source of D - the 
tertiary carbonium ion is formed from isobutenè The enhanced' rate 
of exchange. then results from interconversion between the ion and the 
alkne on the surface. These results clearly support the concept that' 
the mechanism of hydrocarbon exchange reactions, and consequently other 
allied reactions, depend not only on the catalyst and the nature of -the 
hydrocarbon. but also on the form in which the' labelling species is 
present. ',There is noreason to think that the mechanism of exchange 
, of propene formed from propane is different from the 'mechanism of 
exchange when propene is the reactant and. both the studies of propene 
exchange described here suggest that allyl species' are involved in 
the exchange process These investigations have been more successful 
26 in this respect than the microwave study carried out by Hughes et al 
in which it was not possible to . distinguish between carbonium ion 
and allyl intermediates in propene exchange reactions The authors 
of the microwave study favoured the formation of an allylic c.arbanion 
intermediate but there was no evidence to support the formation of such 
intermediates and it. is considered from the results described here 
and in other parts-of this thesis— that carbanionic intermediates 
are not formed - the allyl intermediate in propene exchange being 
neutral. This conclusion immediately sets propene apart from other 
alkenes such as butene, methylcyclopropanes and dimethylbutenes' whose 
reactions on rutile are thought to in
. 
 volve positively charged species. 
'Of these alkenes propene is the least reactive and forms the least 
stable carbonium ion and this may explain why a change in mechanism 
is. observed with propene - the allyl intermediate being marginally 
more favourable than the carbonium ion. . This is an example Of how 
reaction mechanism depends on the structure of the reactant as well 
as on the catalyst. 
• It is interesting now to speculate about the nature of the 
13 active sites in the reactions of alkanes over rutile. Lake 
suggested that alkylbenzene exchange reactions with deuterium over ,  
rutile might, involve radical species; these intermediates are typicafly 
found in catalytic studies on metals and both Lake's results and those 
described here suggest that at high temperatures the catalytic 
properties of rutile resemble those of. a metal in that homolytic.' 
splitting of chemical bonds occurs. 
• . S 'S 	 At 'these temperatures and under conditions where hydrogen 
or deuterium is present in relatively large amounts the surface of 
• . .rutile is almost certainly reduced, i.e. Ti3+ ions are present on the 
surface. E.p.r. studies of ru1ileunder these conditions have detected 
3 	56 signals arising from Ti ,132 and these paramagnetic centres have 
173 
been shown-to-act as electron transfer centres forming donor-acceptor 
complexes with such molecules as amines and acenes 132 Cunningham and 
Perry133  studied the reactivity and electron paramagnetic reonance. 
of electron transfer sites on rutile using the dissociation of 
nitrous oxide as a test reaction and showed that this could follow 
either from indirect dissociative electron transfer involving. 
conduction band electrons or from direct electron transfer involving 
paramagnetic surface centres whose concentrations were established 
• during thermal activation. Direct electron transfer processes on 
• rutile are thought134 to involve two types of centre:. those based on 
interstitial Ti3+ ions as the electron donor and more complex centres 
'based .on oxygen vacancies, V0 , in ass,ociation with one:or more adjacent 
3+ 
cations e.g. Ti —Vox--Ti , the: dominant defect depending upon sample 
preparation..• • 
The ability of titanium ions to change their oxidation 
.3+ 	.li.+ 
state from Ti to. Ti and vice' versa may have a bearing on the 
pattern of activity of alkanes and à.lkenes over rutile. Metal 
oxides can be arranged according to their selectivity towards the 
exchange and addition reactions of alkenes. Alumina135 selectively 
catalyses the exchange of ethene. with deuterium without significant 
formation of ethane while zinc oxide 6 and chromic oxide '31 catalyse 
the addition but not the exchange reaction. Rutile shows intermediate 
behaviour13 - exchange and addition of deuterium to ethene occurs at 
similar rates These different types of behaviour have been interpreted 
in terms of the ability of the oxide, and in particular the metal ion, 
to produce neutral adsorbed hydrogen132'. This conceptmay be 
explained briefly by saying that the exchange reaction requires only 
one type of hydrogen, either electrophilic or nucleophilic, but that 
the addition reaction requires both types of hydrogen If the metal 
WILM 
ion can change its oxidation state and thereby effect a complete 
charge transfer, producing only one type of surface hydrogen in a 
• 	neutral form, a high selectivity for the thermodynamically favoured 
• 	addition will result. If this hypothesis is applied to ru.tile it 
predicts that at least some neutral species could be produced at 
• 	electron transfer sites on the surface. 	'• 	 ' 
Some support for this - view-is found from the observation 
- that exchange and hydrogenation of alkénes and exchange and 
.dehydrogenation of àlkanes occurs at approximately the same rate 
on rutile and in addition the pattern of reactivity Of alkanes 
• 	corresponds to that observed over metal catalysts where homolytic 
fission of chemical bonds occurs produCing neutral'adsorbed species. 
Fig. 8.8 shows a possible reaction scheme for the formation of' 
• 	radical species from alkanes. 
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The catalytic properties of titanium dioxide (rutile) have been examined for a number of reactions 
involving dienes (j:,ropadiene and buta-1,3-diene) or alkynes (ethyne, propyne and but-2-yne) with 
hydrogen, deuterium or deuteriurn oxide. 
The isomerization of propadiene to propyne and the exchange of the methine hydrogen atom of the 
latter with deuterium oxide occur below 370 K. 
The main reaction with all the comppunds, but particularly the alkyries, was a loss of hydrocarbon 
to the surface at 470 K or above to form a residue which was probably oligomeric. This process 
was accompanied by some formation of alkenes from buta-1,3-diene and to a much smaller extent 
from the alkynes; the reaction was not affected by the presence of gas phase hydrogen or deuterium 
and was essentially a self-hydràgenation of the unsaturated compounds. Water inhibited the forma-
tion of residue and the self-hydrogenation of buta-1 ,3-diene, and an exchange reaction occurred if 
deuterium oxide was used. 
The influence of various pretreatments on the catalytic properties of titanium oxide were examined 
and possible intermediates for some of the reactions are proposed. 
• Rutile is a catalyst for the exchange of alkenes with deuterium and for their hydro 
genation at temperatures of about 630 K.' The isomerization of olefins such as 
but-l-ene 2. I and 3,3-dimethylbut-l-ene is catalyzed at about 423 K. Previous 
studies 2, 3 have suggested that the hydrogenation of buta-1,3-dieñe occurs at lower 
temperatures than the corresponding reaction for the alkenes on rutile catalysts. The 
object of the present work was to explore the catalytic properties of rutile for hydro-
genation of various dienes and alkynes, and to examine allied reactions such as the 
isomerization of propadiene to propyne. 
Preliminary-experiments showed. that reaction of the unsaturated molecules with 
the oxide surface occurred over a wide temperature range and led to a removal of a 
substantial fraction of the gaseous material. Consequently, the extent of these pro- 
cesses had to be examined during, the catalytic studies. 
The exchange of some of the hydrocarbons with deuterium or deuterium oxide, 
and the effect of deuterium on the hydrogenation reactions were also studied to obtain 
more information about the nature and reactivity of the catalytic intermediates on 
rutile. 	 - 
Reactions of buta-1,3-dience have been studied on other oxides. Naito et al. 5 
reported hydrogenation over zinc' oxide and the main initial product was [2 H2]but-1-
ene when deuterium was used. In contrast, Yates and Wheatley 6  found that butenes 
were formed from buta-1,3-diene in the absence of gas phase hydrogen over a sup-
ported cobalt oxide catalyst and recently Gault" has reported self-hydrogenation 
reactions of dienes and alkynes on magnesium and other metal films. Homogeneous 
dimerization of buta-1,3-diene forms 4-vinylcyclohexene above 573 K and aromatic 
and unsaturated alicyclic compounds at higher temperatures.8' 9 
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EXPERIMENTAL 
Tóätic systems Were iised; a reaction 	 linked to ahrojiiio- 
graph or an alternative vessel, 150x 10-6 m 3 , connected to a mass spectrometer. 
Samples of rutile CL/D 412 and CL/D 477 were supplied by Tioxide International Ltd.; 
they were prepared by hydrolysis of titanium tetrachloride, calcined at 698 or 923 K respect-
ively and had areas of 25 or 7 m2  g. Hydrocarbons were C.P. grade from Matheson & 
Co. 
Each 1 g sample of rutile was outgassed at 723 K for 12 h, exposed to 0.9x 1020 molecules 
of oxygen for 10 mm, outgassed for 5 min and given a second dose of oxygen for 15 mm. 
The sample was then cooled to room temperature and evacuated for 15 mm. 
Typical amounts of hydrocarbons, in units of 
1 
10.  20 molecules, used in the catalytib experi-
ments were 3.6 for propadiene and propyne, 1.5 for ethyne and 0.6 for but-2-yne and buta-1 ,3-
diene, and 1.3 for butadiene in the mass spectrometric system. 
The reaction products frombuta-1 ,3-diene, propadiene or propyne were analyzed using a 
2 in column of 20 Y. w/w hexane-2,5-diol on Chromosorb P at 273 K; products from ethyne 
were analyzed by a'2 in column of squalane on alumina at 273 K and those from but-2-yne 
by a 2 in column of 20 % bis-2-methoxyethyl adipate on Chrornosorb.P at 308 K. Loss of 
material to the surface was measured by comparing the sizes of the peaks in each successive 
sample with the size of the initial peak for the reactant. Such measurements were less 
accurate than those for the relative amounts of the gaseous compounds in each sample. 
The potential for the ionizing electrons in the mass spectrometer was 12 V for buta-1 ,3-
diene and but- l-ene, or 10 V for propadiene and propyne. Loss of material N4S estimated by 
monitoring the combined height of all peaks in the relevant mass range. 
RESULTS 	 -. 
REACTIONS OF BUTA-I,3-DIENE 
The results of experiments carried out under a variety of conditions are given in 
table 1. The most convenient method of recording the results was in terms of the 
initial rates of loss of reactant and the initial rates of formation of products. Some 
experiments in this table refer to catalysts which has been pretreated in different ways, 
with either' ethanol vapour (0.6 x 1020 molecule g -1 ) or hydrogen chloride vapour 
(0.6 x 1020 molecule g -1 ) 
TABLE I .-INmAL RATES OF REA'CTION OF BUTA-1 ,3-DIENE OVER RUTILE - 	* 
initial rates of formation or loss (rate/ 1014 Molecule M-2 S- 1) 
- 
reactants 	. T/K total butenes 
material 
loss but-1-ene 
cis-but- 
2-ene 
, 	trans-but- 
2-ene 
butadiene+2H2 453 0.38 2.8 '0.13 0.23 0.02 
butadiene+21-12 473 0.75 4 3: 0.25 0.41 0.09 
butadiene+2}{ 2 493 2.06 6.0 0.52' 4.12 0.42 
butadiene+2H2 523 -4.57 6.1 1.14 11.64 .1.79 
butadienei-2H2 523.' 14.0 17.6 3.2 ' 	-6.1 4.7 
butadiene+2H2 523,b 0.084 2.7 . 0.06 0.02 0.004 
butadiene+2H2 523 C 0.04 373 0.01 0.01 0.02 butadiene 473 d 0.47 1.5 - - - 
butadiene 523 3.55 3.7 0.97 . 1.58 . 1.0 butadiene 523 e 17.5 27.5 8.8 5.3 3.4 
butadiene+3H20 523d 1.07 . - 
butadiene+3H 20 573 5.4 
-. 
5.4  
° This experiment was carried out on I g of CL/D 477, all others were on I g of' CUD 412; b catalyst pretreated with C2H50H; C catalyst pretreated with HCI; d experiments using mass spectrometric apparatus; e the dose of butadiene was 4.7x 1020 instead of the normal 0.6x 1020 molecules. 
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The initial rates of hydrogenation which gave butenes but no butane are summar-
ised as Arrhenius plots in fig.. 1. There was satisfactory agreement between the 
results obtained with hydrogen in the gas chromatographic apparatus and those with 
deuterium in the mass spectrometric apparatus. But the rates of formation of butene 
were not appreciably lower in experiments carried out without added hydrogen or 
deuterium. A second experiment on a used sample of catalyst at 493 K gave a rate of 
hydrogenation reduced by a factor of 3. 
15 
L 
E 
'4 
0 
0 
bO 
.8 	 2.0 	2.2 	2.4 
103 KIT 
Fio. I .—Arrhenius plots for the formation of butenes from buta-1 ,3-diene: •, butadiene +2H 2 ; 
•, butadiene + 3132 ; j, butadiene; 0, results for butadiene + 214 2  ignoring loss of material to the 
- 	surface. 3 
Strong confirmatory evidence that the formation of the butenes occurred by self-
hydrogenation of the reactant was obtained from the mass spectrometric experiments 
with mixtures containing deuterium. Products with masses in the range 57 to 59 were 
2C 
0 
0 
0 , 
0 
0 
U IC 
0 
0 
U, 
0 
0 	 2 V 
time/min  
Fio. 2.—Products from the reaction pf buta-I,3-diene with deuterium oxide: 0, mass 55; •, mass 
56; L, mass 57; 0, mass 58; •, mass 59. 
1746 	 DIENES AND ALKYNES ON RUTILE 
not formed in appreciable amounts but the main product had a mass of 56 correspond- 
ing to light butene, C4H8 . The rate of formation of this compound agreed closely 
- 
slow exchange of the butadiene also occurred giving rise to C 4H5D (mass 55) but at 
434 K the rate of this reaction was only 1012  molecule g 1 m 2, which was 10 times 
slower than the hydrogenation. These facts make it extremely unlikely that any 
significant fraction of the mass 56 peak was attributable to C 4H4D 2 . 
An experiment carried out at 523 K in the presence of deuterium oxide is shown in 
fig. 2. The main reaction was exchange (producing mass 55) and rates from this and 
other runs from 473 to 523 K are summarised by the Arrhenius equation 
1og 10(r/molecule rn-2 s') = 23.5-140x 10 K/8.31 T. 	(I) 
The major peak in the butene range of masses was mass 56 showing that self-hydro-
genation was again the chief source of butene although some incorporation of deuter-
ium from the heavy water also occurred to form butene molecules with from I to 3 
deuterium atoms. The initial rate of formation of the compound of mass 56 was 
0.89 x 10' molecule s 1 rn-2 which agreed satisfactorily with the rate of butene forma-
tion for the corresponding experiment in the presence of H 2 0 at 523 K in table 1. 
A sample of rutile which had been exposed to butadiene at 523 K was analyzed 
and a carbon content of 0.8 % found; this corresponded to an uptake of some 50 % 
of the hydrocarbon admitted. 
REACTIONS OF 13UT-2-YNE AND ETHYNE 
The main reaction with both these alkynes was loss of material and only minor 
amounts of gaseous products were formed. Fig. 3 shows a reaction of but-2-yne and 
hydrogen on rutile at 623 K in which butenes were formed together with small amounts 
of four other .unidentified products; in this experiment 85 Y. of the alkyne reacted 
Lei 
• 	 NO e 
n 6 0 
0 - 	n. .4 
0, 
0 
- 	. time/mm 
FIG. 3.—Productjon of butenes from but-2-yne on rutile at 623 K: compositions are related to 
amount of reactant admitted: •, but-2-yne; 0, cis-but-2-ene; A, but-l-ene; 0, trans-but-2-ene; 
four other gaseous substances also produced in small amounts are not shown. 
with the surface and only 15 % was converted to gaseous products. No products 
were observed from ethyne and hydrogen below 578 K but after 50 min at this temp-
erature 98 % of the reactant had disappeared and the 2 % of gaseous products con-
sisted of ethylene, ethane and methane in the ratio 2 : I : 1. Rates of formation of 
gaseous products from the alkynes are summarised in fig. 4. - 
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1-1 
N 
'4 
tD 
.9 3 
I 	 0 
1.6 	 .8 	 2.0 	 2.2 	 2.4 
103 KIT 
Fio. 4.—Arrhenius plots for hydrogenation reactions of alkynes and propadiene: •, propadiene, 
,., but-2-yne + 2H2; 0, propyne; fl, ethyne + 2H2; - - -, butadiene + 2H2. 
REACTIONS OF PROPADIENE AND PROPYNE 
Rates for various reactions of propadiene are given in table 2. The isomerization 
could be followed easily at temperatures below 400 K without complications from 
other reactions. Loss of material accompanied bythe formation of small amounts of 
propene became the' main reaction as the temperature was increased. Isomerization 
also occurred at higher temperatures but was difficult to follow because the propyne 
was formed but then reacted rather rapidly with the surface. The addition of hydro-
gen did not increase the rate of hydrogenation of propadiene shown in fig. 4. 
TABLE 2.—Is0MERIZATLON AND' SELF-HYDROGENATION OF PROPADIENE OVER RUTILE 
initial rate of 	 ' initial rates of reaction 
rate/10 15 molecule rn' 2 s 1 
T/K 
isornerization 
rate/ 10"' molecule 
rn' 2 s ' 	 T/K 
- 
material loss 	hydrogenation 
323 3.1 423 1.9 	 003 
338 ' 	 3.4 (3.3 a) ' 	 473 16.0 0.07 
353 4.6 - 	 523 95.0 	 , 0.20 
573 109 0.58 
a catalyst outgassed at 423 K. 
Propyne gave initial rates of isomerization to propadiene of 0.24 x 10 15  and 0.45 x 
1015  molecule rn-2  s' at 353 and 378 K respectively. Material loss was not import-
ant at these temperatures but it became the main reaction above 423 K and it was 
faster than the corresponding process with propadiene. A low rate of self-hydrogena-
tion to propene was also observed (fig 4). 
A number of experiments were carried out with propyne or propadiene in the 
presence of deuterium oxide. A rapid exchange of one hydrogen atom per molecule 
was observed with propyne at rates of 0.8, 3.9 and 27.3 in units of 10 14  molecule m 2 
S-1  at temperatures of 323, 348 and 378 K respectively. These correspond to the 
Arrhenius equation 
log 10(r/molecule rn' 2 s) = 24.1-65 x 10 K/8.31 T. 	 (2) 
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The remaining hydrogen atoms in the propyne molecule did not exchange at a meas-
urable rate below about 473 K. 
- '' The-exchange-of propadienewithdeuteriumoxidedidnotoccur to any appreciable 
extent below 473 K and above this temperature the reaction was complex because 
exchange was accompanied by isomerization, material loss and some hydrogenation. 
Isomerization was substantially inhibited by the presence of water—a rate of only 
0.9 x 1015  molecule rn-2 s-1 was obtained at 473 K, cf. results in table 2. Use was 
made of a gas chromatograph-mass spectrometer system 10  to follow the processes 
which occurred on reacting propadiene and deuterium oxide at 513 K. The results 
obtained were as follows. 
A stepwise exchange of propadiene took place at an initial rate of 9.9 x 1015 
molecule rn-2 s" ; the isotopic distributions of propadiene throughout the experi-
ment conformed to the expected binomial distributions for four equivalent exchange-
able hydrogen atoms. 
The initial rate of isomerization to propyne was 4.9 x 10's molecule rn-2 S- I 
the initial isotopic composition of the propyne (6 % [ 2H0], 56 % [ 2H1 ] and 38 % 
[2H2]) corresponded to a mean deuterium content of 1.3 atoms per molecule; this 
number increased with time 'as a consequence of isomerization Of exchaiiged propá-
diene; after 12 min the amount of propyne had increased to about 15 % of the 
propadiene admitted but it subsequently decreased due to reaction of the propyne 
with the catalyst. 
The initial rate of lOss of propadiene was 6 x 10 molecule rn -2 s-1 ' and 99 % 
of the combined propadiehe and propyne' had reacted with the surface after 50 mm. 
The remaining I % of the' C 3-hydrocarbon was converted to propene at an 
initial rate of about 2 x 10 14  molecule rn-2 S-1 ; accurate 'analysis. of the isotopic 
composition of this small amount of propene was not possible but the main species were 
[2H0] to [2H2] as expected on the basis of self-hydrogenation of the exchanged propa-
diene and propyne. 	' 
DISCUSSION  
The loss of material from the gas phase is the main reaction which occurs with 
dienes and alkynes on rutile catalysts above about 400 K, the reaction being more 
rapid and extensive with alkynes than' with dienes. The process requires some acti-
vation and is distinguishable from the adsorption of the reactant-which was observed 
at lower temperatures. Pretreatment of the rutile sample with hydrogen chloride 
produces an acidic surface ' which is likely to enhance processes occurring on acidic 
sites. Such pretreatment has been reported Ito increase the rate of but-1-ene isomer-
ization over this catalyst. Therefore it seems reasonable to associate the substantial 
acceleration of material loss noted here with a process involving the formation of 
carbonium ions with consequent oligornerization of the unsaturated molecules. No 
attempt was made to analyse products obtained by subsequent heating of the oxide in 
the present work but Lake 12  has 'reported the formation of small amounts of C. 
compounds such as xylen'es, ethylbenzene or styrene from the interaction of buta-1,3-
diene with rutile at 673 K. These facts together with the results obtained on cobalt 
oxide by Yates and Wheatley 6  support the idea that oligomerization contributes to 
the loss of material from the gas phase. 
The experiments without added hydrogen and the results of the mass spectrometric 
runs establish that the formation of alkenes from dienes and alkynes is a process of 
self-hydrogenation and not, as supposed previously,2' 3  a genuine catalytic hydrogen-
ation. The production of the alkenes only occurs under conditions which lead to loss 
of the reactant to the surface and it is the formation of a surface residue which provides 
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the hydrogen, atoms for transfer to a fraction of the reactant molecules. With buta-
1,3-diene at the higher temperatures, the formation of alkenes approximates to the loss 
of reactant from the gas phase and the overall process can be represented as 
2C4H 6(gas)-C4H8 (gas) + C4H4(surface). 	 (3) 
.The activation energies associated with the formation of butenes from butadiene 
(fig. 1) are about 70 kJ mot - ' and for the formation of propene from propadiene (fig 
4), 47 kJ mo! -1 . Self-hydrogenation occurs to much smaller extents with the alkynes 
than with the dienes possibly because loss of reactant from the gas phase is more 
rapid and extensive. 
The ratio of but-1-ene : but-2-ene formed from the self-hydrogenation of buta-1,3-
diene can be correlated, as shown in fig. 5, with the ratio of the number of reactant 
molecules to the surface area of catalyst available. This indicates that steric consider-
ations favout 1,2-addition when the surface is crowded. This correlation explains 
the discrepancies in the previous investigations; Shannon et al. 2 used a high ratio of 
reactant to surface and found but-1-ene as the major product but Brookes obtained 
more cis-but-2ene'using low ratios of reactant to surface. 
01 
0.7 
. 	._; 
0.4 
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FIG., 5.—Influence of amount of reactant on the initial product ratio of but-1-ene/but-2-ene formed 
from buta-1,3-diene at 523K: •, butadiene on CL/D 412; 0, butadiene+2H 2 on CL/D 412; 
- 	 , butadiene+2H on CL/D 477. 
Infra-red spectroscopy has revealed much information regarding the state of 
hydroxyl group population and hydration of rutile surfaces with notable contributions 
from Parfitt and co-workers, 13, 14 Primet et al. 15 and Jones and Hockey.' 6 Terminal 
hydroxyl groups, bridged hydroxyl species and hydrogen bonded hydroxyl species have 
all been invoked in addition to molecular water, with the relative population of the 
proposed entities varying with outgassing temperature in the range 320-673 K. Only 
a small hydroxyl group population might be anticipated at an outgassing temperature 
of 723 K (used in the present study) but Brookes found no detectable hydroxyl groups 
On the present catalyst under such conditions. The Cl content of the catalyst sample 
would facilitate the removal of OH groups, as HCl, at lower temperatures. 
The presence of water inhibits both self-hydrogenation and material loss with 
buta-1,3-diene by factors of about 5 at 523 K whereas treatment of the surface with 
ethanol (table 1) causes sele&ive reduction of the self-hydrogenation process. Jack-
son and Parfitt 16 reported that ethanol adsorption upon a dehydroxylated surface 
resulted in the formation, from oxygen bridges, of hydroxyl groups and ethoxide 
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groups (attached to Ti' ions) with the latter being stable up to 473 K but decomposing 
rapidly at 573 K. Our ethanol pretreatment would presumably have produced a 
similar surfiëithhyiltoxylgroup-population-correspondingtothat.of.asurface 
outgassed at 523 K. It is likely that butadiene would be more strongly adsorbed than 
ethanol and displace it from the surface, thus the rate of material loss would not be 
significantly affected by the ethanol pretreatment. However, the inhibiting effect of 
ethanol upon the rate of butene formation suggests that the sites responsible for such a 
process may be different from those associated with loss of butadiene to the surface. 
In the presence of deuterium oxide, the exchange reaction of buta- I ,3-diene is 
about 10 times as fast at 523 K as the processes of material loss and the formation of 
alkenes (fig. 2) and it is interesting that the latter reaction is still mainly a self-hydro-
genation-with relatively little incorporation of deuterium atoms from the heavy water 
into the butene in the initial stages. 
The easy exchange of the acidic hydrogen atom in propyne with deuterium oxide 
suggests that an anionic intermediate, CH 3—CC, is involved and thus is likely to 
be associated with Ti 4 ions acting as Lewis acid sites to form a complex Ti—CC-
CH, (A). The exchange of the reactive hydrogen atom in propyne occurs at similar 
rates to the exchange of the enolizable hydrogen atoms in ketones with deuterium 
oxide on rutile catalysts 2  for which dissociative adsorption with the reversible forma-
tion of anionic species is also the most likely mechanism. 
The isomerization of propadiene to propyne can clearly take place in a reversible 
manner on rutile below 400 K at which temperature no substantial removal of gas 
phase reactant occurs by interaction with the surface. The ratio of the rates of the 
forward and reverse reactions correspond to a value of 19 for the equilibrium constant 
K = (propyne)/(propadiene); this is in reasonable agreement with the literature 
value 17  of 13. The mechanism of the isomerization is likely to involve dissociative 
adsorption and one or both of the intermediates Ti—CH=C=CH 2 (B) or 
Ti—CH2—C=CH (C) may be involved. 
In the presence of deuterium oxide, the isomerization of propadiene is substantially 
inhibited and the rate of reaction is similar to the rate of exchange of propadiene or the 
methyl hydrogen atoms in propyne with deuterium oxide. All three reactions, i.e. 
isomerization and the two exchange reactions, may occur via the intermediates B and C 
and this suggestion is supported by the fact that most prbpyne molecules formed by 
isomerization of propadiene in the presence of deuterium oxide have acquired one or 
more deuterium atoms. The exchange of buta-1,3-diene is a factor of 10 slower than 
the exchange of propadiene at 513 K and by analogy it could involve the reversible 
formation of an intermediate such as Ti—CH=CH—CH=CH 2 (D) although 
mechanisms based on associative adsorption to form carbonium ions such as C 4H 6 D+ 
cannot be excluded. 
The rate of isomerization of propadiene on a catalyst outgassed at only 423 K 
is the same as the. rate on catalysts outgassed at the normal temperature of 723 K. 
The same behaviour has been noted for the isomerization of but-l-ene I and it has 
been suggested that removal of a water molecule from a Ti 4+ ion is sufficient to give an 
active site and. that no drastic dehydroxylation of the surface is necessary. The 
catalyst sample, CL/D 477, calcined at 923 K is more active by a factor of three at 
523 K than the CL/D 412 catalyst for reactions of buta-1,3-diene but the character 
of the reactions is similar on both catalysts. 
The general conclusion from the present results is that rutile is an inefficient catalyst 
for the hydrogenation of dienes and alkynes with the consequence that these hydro-
carbons react mainly by coupling on the surface. Zinc oxide I and cobalt oxide 6  show 
more evidence for hydrogenation activity for buta- 1 ,3-diene and a recent comparison's 
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has shown that they are also much more effective than rutile for the hydrogenation of 
ethylene. 
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